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PREFACE  TO  THE  FIRST  EDiriOK 


The  following  pages  have  been  written  at  various  times  during 
such  brief  intervals  of  leisure  as  the  author  could  spare  from  his 
professional  duties.  They  are  for  the  most  part  the  result  of 
experience  combined  with  theory ;  it  is  therefore  hoped  that  they 
may  supply  the  student  with  what  has  long  been  a  want  in 
Engineering  literature,  namely,  a  Handbook  on  the  Theory  of 
Strains  and  the  Strength  of  Materials,  giving  practical  methods 
for  calculating  the  strains  which  occur  in  girders  and  similar 
structures.  The  theory  of  transverse  strain  has,  indeed,  been 
incidentally  treated  by  writers  on  Mechanical  Philosophy;  their 
researches,  however,  have  been  confined  to  strains  in  plain  girders, 
or  to  a  few  brief  remarks  on  the  more  elementary  forms  of  trussing, 
which,  without  further  development,  are  of  little  practical  use,  and 
but  too  frequently  afford  a  pretext  for  the  ill-concealed  contempt 
which  so-called  practical  men  sometimes  entertain  for  theoretic 
kngwledge. 

A  thorough  acquaintance  with  the  theory  of  strains  and  the 
strength  and  other  properties  of  materials  forms  the  basis  of  all 
sound  engineering  practice,  and  when  this  is  wanting,  even  natural 
constructive  talent  of  a  high  order  is  frequently  at  fault,  and  the 
result  is  either  excess  and  consequent  waste  of  material,  or,  what 
is  still  more  disastrous,  weakness  in  parts  where  strength  is 
essential.  The  time  has  gone  by  when  practical  sagacity  formed 
the  sole  qualification  for  high  engineering  success.    Before  the 
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improvement  of  the  steam  engine  gave  rise  to  a  new  profession 
there  were  indeed  some  memorable  names  on  the  roll  of  engineers, 
generally  self-taught  mechanics,  whom  great  natural  ability  had 
raised  to  pre-eminence  in  their  profession ;  but  practice  which  was 
formerly  excusable,  or  even  worthy  of  the  highest  commendation, 
would,  now  that  knowledge  has  increased,  be  properly  described  as 
culpable  waste,  arising  either  from  prejudice  or  ignorance. 

The  usual  resource  of  the  merely  practical  man  is  precedent,  but 
the  true  way  of  benefiting  by  the  experience  of  others  is  not  by 
blindly  following  their  practice,  but  by  avoiding  their  errors  as 
well  as  extending  and  improving  what  time  and  experience  have 
proved  successful.  If  one  were  asked  what  is  the  difference  between 
an  engineer  and  a  mere  craftsman,  he  would  well  reply,  that  the 
one  merely  executes  mechanically  the  designs  of  others,  or  copies 
something  which  has  been  done  before  without  introducing  any  new 
application  of  scientific  principles,  while  the  other  moulds  matter 
into  new  forms  suited  for  the  special  object  to  be  attained;  and 
though  experience  and  practical  knowledge  are  essential  for  this,  he 
lets  his  experience  be  guided  and  aided  by  theoretic  knowledge,  so 
as  to  arrange  and  proportion  the  various  parts  to  the  exact  duty 
they  are  intended  to  fulfil. 

Then  prove  we  now  with  best  endeavour' 

What  from  onr  efforts  yet  may  spring; 
He  justly  is  despised  who  never 

Did  thought  to  aid  his  labours  bring. 
For  this  is  art's  true  indication, 

When  skill  is  minister  to  thought ; 
When  types  that  are  the  mind's  creation 

The  hand  to  perfect  form  has  wrought. 

The  well-educated  engineer  should  combine  the  qualifications  of 
the  practical  man  and  of  the  physicist,  and  the  more  he  blends  these 
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together,  making  each  mould  and  soften  what  the  other  would 
seem  to  dictate  if  allowed  to  act  alone,  the  more  will  his  works  be 
snccessf  ol  and  attain  the  exact  object  for  which  they  are  designed. 
The  engineer  should  be  a  physicist,  who,  in  place  of  confining  his 
operations  to  the  laboratory  or  the  study,  exerts  his  energies  in  a 
wider  field  in  developing  the  industrial  resources  of  nature,  and 
compelling  mere  matter  to  become  subservient  to  the  wants  and 
comforts  and  civilization  of  the  human  race. 
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THEORY  OF  STRAINS  IN  GIRDERS 

ASD 

SIMILAR    STRUCTURES. 


CHAPTER    I. 

INTEODUCTORT. 

1.  Strata — ^Teaslaa — ^CoaiprefwIOB — Transrene  straia — 
SkcarlBSHitralB — Torsioa. — On   the   application  of   force  all 

bodies  change  either  form  or  volume,  or  both  together.  Forces 
considered  with  reference  to  the  internal  changes  they  tend  to 
produce  in  any  solid  are  termed  strains  *  and  may  be  classified  as 
follows : — 


Tensile       strains,  \ 

[     tearing  asunder. 

Compressive  do.,      t 

producing 

1    crushing. 

Transverse    do.,      > 

fracture      ' 

C     breaking  across. 

Shearing       do.,      | 

by 

i    cutting  asunder. 

Torsional      do.,      1 

[     twisting  asunder. 

This  five-fold  division  is  made  for  convenience  merely,  for  the 
strength  of  any  material,  in  whatever  manner  it  may  be  employed, 
depends  ultimately  on  its  capability  of  sustaining  strains  which  tend 
either  to  tear  its  parts  asunder  or  to  crush  them  together.  It  is 
therefore  of  essential  importance  to  know  the  ultimate  resistance 
to  tension  or  compression  which  each  material  possesses,  and  thence 
deduce  those  strains  which  may  be  safely  imposed  in  practice. 
To  this  end  various  experimenters  have  devoted  their  attention ; 

*  It  vfll  be  vaafnl  for  the  atodeiit  to  know  that  some  writers  aapplj  the  term 

ilrfif  to  what  I  have  termed  tirain  in  the  text,  that  is,  to  the  combination  of  internal 

fofoee  or  reactions  which  the  partides  of  any  body  exert  in  resisting  the  tendency  of 

eztemal  forcee  to  produce  alteration  of  form,  and  they  apply  the  term  i^rain  to  what  I 

caU  d^fifrmaUom,  that  is^  to  alteratioa  of  form  resulting  from  stress. 
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in  the  United  Kingdom,  none  with  more  perseverance  or  success 
than  the  late  Eaton  Hodgkinson,  Esq.,  to  whose  life-long  labours 
we  are  mainly  indebted  for  the  physical  investigations  on  which 
calculations  of  the  strength  of  structures  are  based. 

9.  VnUHitraiii— liicli-0tralii— Foot-Atrain. — ^Wherever  English 
measures  are  used,  tensile  and  compressive  forces  are  measured  by 
the  number  of  tons  or  pounds  strain  on  the  square  inch  or  square 
foot.  It  will  be  convenient,  however,  to  have  some  short  expression 
for  the  strain  on  the  unit  of  sectional  area,  irrespective  of  any 
particular  measure  of  length  or  weight,  and  I  have  adopted 
the  term  Unitrstrain  to  denote  this  quantity,  and  the  words 
Inch-strain  or  Foot-strain  to  express  the  strain  per  square  inch  or 
square  foot,  as  the  case  may  be.  The  unit-strains  of  tension  and 
compression  are  represented  indifferently  by  the  symbol  /,  unless 
it  be  desirable  to  distinguish  them,  in  which  case  the  unit-strain  of 
compression  is  represented  by  the  symbol  /'.  Thus,  if  F  be  the 
total  strain  in  any  bar  whose  area  =  a,  we  have 

F  =  a/.  (1) 

Ex.  1.  If  the  crushing  unit-strain  of  cast-iron  be  42  tons  per  square  inch,  what 
weight  wiU  crush  a  short  solid  pillar  9  inches  in  diameter  f 

Here,       a  =Q  X  ^  X  ^=  635 inches, 

4 

/=  42  tons. 
Afuwer.  F  =  0/=  68*6  X  42  =  2,671  tons. 

Ex.  2.  If  the  tearing  unit«train  of  beech  be  11,600  pounds  per  square  inch,  what 
force  in  tons  will  tear  asunder  a  tie-beam  16  inches  square ! 

Here,      a  =  16X16  =  226  square  inches, 
/=  11,600  lbs. 

Amwtr.  F=226xlM52.=  1,166  tons. 

2,240 

S.  Blastlelty — Cable  eituMcUy—Unear  elastlelty. — ^Besides 
the  strains  of  tension  and  compression  another  matter  claims 
attention,  namely,  the  alteration  of  length  or,  in  other  words,  the 
elongation  and  shortening  of  the  material  subject  to  strain.  Elasticity 
is  the  property  which  all  bodies  under  the  influence  of  external 
force  possess  to  a  greater  or  less  degree  of  perfection  of  returning 
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to  their  original  volume  or  form  after  the  force  has  been  with- 
drawn. ThuB  we  have  CtJnc  elasticity  or ,  elasticity  of  volame, 
and  Linear  elasticity  or  elasticity  of  form.  Fluids  possess  elasticity 
of  volume,  but  not  of  form.  Solids  possess  both,  but  linear  elasticity 
alone  demands  our  attention  in  questions  relating  to  the  strength 
of  materials. 

4.  BhMtle  stiirneMi  and  Blastfe  flexibility  are  correlative 
terms  which  express  the  strength  or  weakness  of  the  elastic  reaction 
of  the  fibres  of  any  elastic  solid,  whether  that  reaction  be  due  to 
tensile  or  compressive  strains  applied  separately,  or  in  combination 
so  as  to  produce  flexure  or  torsion.  Thus,  glass  is  elastically  stiff, 
indian-rubber  elastically  flexible.  In  general,  the  terms  Stiffness 
and  Flexibility  are  not  restricted  to  elastic  solids,  but  express  merely 
the  relative  amount  of  resistance  to  change  of  form,  whether  the 
material  returns  to  its  original  shape  or  not  after  the  force  is 
withdrawn.  In  this  sense  copper  is  stiffer  than  lead,  but  neither 
18  elastic,  or  but  very  slightly  so.  Elasticity  should  not,  as  in 
popular  language,  be  confounded  with  a  wide  range  of  elastic 
flexibility.  Glass,  for  instance,  is  both  stiff  and  elastic,  whereas 
indian-rubber,  though  very  flexible,  is  less  perfectly  elastic  than 
glass,  that  is,  it  returns  with  less  exactness  to  its  original  form 
after  being  strained.  Again,  a  thin  spring  of  tempered  steel  is 
both  elastic  and  flexible.  In  popular  language,  however,  indian- 
rubber  is  said  to  be  more  elastic  than  glass  or  steel,  because  its 
range  of  elastic  flexibility  exceeds  that  of  either. 

5.  ItaetUlty — ^ToairluM«s — ^Biiitleneiis. — Ductility  is  the  re- 
verse of  elasticity  and  is  the  property  of  retaining  a  permanent 
change  of  form  after  the  force  which  produced  it  has  been  removed, 
and  the  wider  the  range  over  which  a  body  can  be  altered  in  shape 
the  more  ductile  it  is  said  to  be.  Gold,  for  instance,  is  one  of  the 
most  ductile  of  metals,  as  it  can  be  drawn  out  into  extremely  fine 
wire  or  hammered  into  leaves  of  extraordinary  thinness.  Toughness 
consists  in  the  union  of  tenacity  with  ductUity.  Brittleness  is 
incapability  of  sustaining  rapid  changes  of  form  without  fracture, 
and  is  opposed  to  toughness.  Low-Moor  iron,  for  instance,  is 
tough;  a  bar  of  it  can  be  twisted  into  a  knot  without  breaking; 
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but  highly  tempered  steel  is  brittle ;  though  more  tenacious  than 
iron,  it  breaks  short  without  any  sensible  change  of  length ;  it  is 
not  ductile ;  it  will  not  stretch  under  strain.  Sealing-wax  also  is 
brittle ;  though  more  ductile  than  iron  under  prolonged  pressure,  it 
is  not  tenacious  and  will  not  bear  a  sudden  change  of  shape  with- 
out fracture.  Accurately  speaking  we  may  doubt  if  there  is  such 
a  thing  as  a  perfectly  elastic  solid,  for  Mr.  Hodgkinson*s  investi- 
gations seem  to  prove  that  there  is  no  strain,  however  slight,  which 
will  not  after  its  removal  leave  a  permanent,  though  perhaps  to 
ordinary  tests  an  inappreciable,  alteration  of  length  in  any  of  the 
materials  on  which  he  experimented.  In  other  words,  every 
material  is  more  or  less  ductile*  This  view,  however,  is  not  held 
by  some  authorities. 

6«  9et — ^InllHeiiee  of  Horatlon  of  str&iii. — ^When  the  unit- 
strain  is  considerable  the  defect  of  elasticity  becomes  very  apparent 
in  some  materials,  especially  in  ductile  metals,  for  they  do  not 
return  to  their  original  length  when  released  from  strain,  but  are 
sensibly  elongated  or  shortened,  as  the  case  may  be,  by  a  certain 
amount  which  varies  according  to  the  nature  of  the  material  and 
the  force  applied.  This  residual  elongation  or  shortening  is  called 
the  Set^  and  is  not  sensibly  increased  by  subsequent  applications 
of  the  same  unit-strain  which  first  produced  it.  It  should  be 
observed,  however,  that  the  ultimate  set  is  not  instantaneously  pro- 
duced on  the  application  of  force.  Iron,  and  possibly  all  materials, 
take  time,  more  or  less  prolonged,  to  adapt  themselves  to  new  con- 
ditions of  strain.  Hence,  a  rapidly  applied  force  may  snap  a 
brittle  bar  without  producing  any  very  perceptible  change  in  its 
length. 

9.  Hookers  law — Ijmw  of  elastlelty — ^Llmlt  ofelMtlcUy. — It 
is  evident  that  the  elastic  reaction  of  any  material  is  equal  to  the 
force  producing  extension  or  compression,  and  it  has  been  proved 
by  experiment  that  the  following  law  of  uniform  elastic  reaction, 
expressed  by  Hooke  in  the  phrase  "  ut  tensio  sic  vis,"  and  generally 

*  Seport  of  the  Oommiuionen  appointed  to  inquire  into  ike  appOcatUm  of  Iron  to 
Railway  Strueturee,  1849,  App.  A,  p.  1.   Also,  Sxperimental  Retearchet  on  the  Strength 

and  other  Propertiet  of  Oaat^ron^  by  £.  HodgkinBon,  pp.  881,  409, 486. 

I 


I 


CHAP.  I.]  INTBODUCTOHY.  5 

known  as  Hie  Law  ofeliuticityy  thongli  perhaps  not  accnratelj  true 
of  any  solid,  is  practically  true  of  the  materials  used  in  constmction. 
When  any  material  is  strained  either  hy  a  tensile  or  a  compressive 
force,  the  elastic  reaction  of  the  fibres  (equal  to  the  applied  force)  is 
proportional  to  their  increment  or  decrement  of  length,  provided  the 
alteration  of  length  does  not  exceed  a  certain  limit  beyond  which 
the  above  stated  law  ceases  to  apply,  and  the  change  of  length, 
no  longer  regalar,  increases  for  each  additional  nnit  of  strain 
more  rapidly  than  the  reaction  due  to  the  elasticity  of  the  fibres ; 
this  produces  set  and  ultimately  rupture.  Experience  has  proved 
that  the  safe  working  strain  of  any  material  does  not  exceed 
its  sensible  limit  of  uniform  elastic  reaction,  generally  called  the 
Umit  of  elasticity;  indeed,  it  generally  lies  considerably  within  it. 
The  limit  of  elasticity  may  also  be  defined  to  be  the  greatest  strain 
that  does  not  produce  an  appreciable  set.  It  will  be  seen  hereafter 
that  with  some  materials,  such  as  glass,  there  is  no  limit  of  elasticity 
short  of  rupture,  as  they  are  elastic  up  to  the  breaking  point  and 
apparently  take  no  set  when  the  strain  is  removed. 

§•  C^oeflelent  MtMastlMij^  E — ^TaUe  of  eoetlcleiits. — The 
coefficient  of  elastic  reaction,  or  briefly,  the  Coefficient  of  elasticity* 
is  represented  by  the  symbol  E,  and  is  the  weight  (in  lbs.) 
requisite  to  elongate  or  shorten  a  bar  whose  transverse  section 
equals  a  superficial  unit  (one  square  inch)  by  an  amount  equal  to 
its  length,  on  the  imaginary  hypothesis  that  the  law  of  elasticity 
holds  good  for  so  great  a  range.  In  assuming  that  the  coefficient 
of  elasticity  is  the  same  for  compression  and  extension  I  have 
followed  Navier,t  but  some  writers  on  the  strength  of  materials 
seem  to  overlook  the  fact  that,  if  the  law  of  elasticity  be  rigidly 
exact,  a  given  force  of  compression  will  shorten  any  material  by  the 
same  proportion  of  its  original  length  that  an  equal  tensile  force 
will  extend  it.  In  practice  the  coefficient  of  elastic  compression 
will  generally  be  found  to  differ  slightly  from  that  of  elastic 
tension. 

If  a  bar  whose  length  =  2  be  extended  or  compressed  within 

«  C^ned  ako  the  Modului  ofdattieU^. 

t  JZIiraU  da  LtfVM  domnia  d  viooiU  da  PwU  et  C^uuiei,  p.  41. 
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the  limits  of  elasticity  by  a  strain  of/  lbs.  per  square  inch,  the  incre- 
ment or  decrement  of  length  K  is  expressed  by  the  following  relation, 

I  -E 


whence, 


E=/J 


(i) 


Ex.  How  much  will  an  incfa-Btram  of  5  tozu  etretch  a  bar  of  wrooght-iroii  whose 
length  equals  10  feet ! 

Here  (see  table  following),    E  =  24,000,000  lbs., 

/=   5  tons, 
2a  10  feet 
An^.  X«/^=.gX2,240XlOX12^.Qgg^^^ 
E  24,000,000. 

It  is  obyioos  that  the  coefficient  of  elasticity  should  be  deduced 
from  experiments  in  which  the  applied  unit-strain  lies  within  the 
limit  of  elastic  reaction.  It  should  also  be  noted  whether  the 
material  has  been  previously  stretched  by  excessive  strain ;  other- 
wise the  results  will  be  anomalous.  The  following  table  contains 
the  coefficients  of  elasticity  of  various  materials,  derived  chiefly 
from  experiments  on  transverse  strain:— 


Coeflleient  of 

Description  of  Material 

Elastictt  J  in  Iba. 
per  aqnare  inch. 

▲nthoritj. 

Mralb. 

Brass  (cast),       ..... 

8,930,000 

Trodgold. 
WerUieim. 

Gold  (drawn),    ..... 

11,564,000 

Do.  (annealeid),  .... 

7,948,000 

do. 

Gun  metal  (oopper  8,  tin  1),      . 

9,878,000 

Trodgold. 
do. 

Iron  (oast,  from  transyerse  strain). 

18,400,000 

Do.  (do.,  from  diroct  tension  or  oompression),   , 

12,000,000 

Hodgkinson. 

Do.  (wrought),    .... 

24,000,000 

da 

Lead  (cast), 

720,000 

Tredflold. 
Werttieim. 

Platina  thread,  . 

24,240,000 

Do.  (annealed),  . 

22,070,000 

da 

Sflrer  (drawn),  . 

10,465,000 

do. 

Da  (annealed),  • 

10,155,000 

do. 

Steel,      .... 

29,000,000 

Young. 

Do.,        .... 

81,000,000 

Fairhaim. 

Tin  (cast), 

4,608,000 

Tredffold. 

Zinc  (cast), 

18,680,000 

TnfBiB. 

Aoada  (Snglish  growth). 

1,152,000 

Barlow. 

Ash, 

1,644,800 

do. 

Beech,     ...... 

1,858,600 

do. 
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Go6lllci0nt  of 

DMcrtpttoaoflUterUL 

EliBttdtyinnMi 

Authority. 

per  aqiuuv  Inch. 

TmsMar-eontinuied, 

Biieh  (Amerloaa  Uack), 

1.477,000 

Barlow. 

Do.  (oommon),   • 

1,644,800 

do. 

Box  (Aoflinlia), 

2,155,200 

Trickett 

Deal  (ChiistiuiA), 

1,589,600 

Barlow. 

Do.  (Mcmel),     . 

l,608,6db 

do. 

Ann,       ... 

699,840 

do. 

Fir  (Mar  Forest), 

645,860 

do. 

Do.  (do.,  another  roecimen). 
Do.  (New  England),       . 

869,600 
2,191,200 

do. 
do. 

Do.  (Biga), 

1,828,800 

do. 

Do.  (do.,  another  spedmen), 

990,400 

do. 

Do.  (Memel,  acrooB  the  grain),  . 

42,500 

Beran. 

Bo.  (Scotch,  do.), 

24,600 

do. 

Crreenheart, 

2,656,400 

Barlow. 

Iron  hark  (Australia),    . 

1,669,600 

Trickett 

Lardi,     •            .            • 

616,820 

Barlow. 

Do.  (another  specimen). 

1,052,800 

do. 

Mahogany  (HondorM), 

1,596,000 

Tredgold. 

Norway  spar,     . 

1,457,600 

Barlow. 

Oak  (Adriatic),  . 

974,400 

do. 

Do.  (African),    . 

2,805,400 

do. 

Do.  (Canadian),  . 

■           •« 

2,148,800 

do. 

Do.  (DantBc)    . 

1,191,200 

do. 

Do.  (English),    . 

■M 

1,451,200 

do. 

Do.  (do.  inferior). 

878,600 

do. 

Pine  (Pitch),      . 

^ 

1,225,600 

do. 

Do.  (Bed), 

1,844,000 

do. 

DoL(do.), 

1,200,000 

Clark. 

Do.  (American  yellow), 

1,600,000 

Tredgold. 

Poon,      ... 

•                                   A 

1,689,600 

Barlow. 

Spotted  gmn  (Australia), 
Stringy  baik  (do.). 

1,942,000 

Trickdtt. 

1,875,600 

do. 

Teak,      . 

•                                   -• 

2,414,400 

Barlow. 

Svovn. 

Marble  (White),             .... 

2,520,000 

Tredgold. 

Do.               (         do.,    panOlel  to  huniaation), 

4,598,000 

Mallet. 

545,000 

do. 

Slate  (Welsh), 

15,800,000 

Tredflold. 

Do.  (Westmoreland),      .           .           «            . 

12,900,000 

Do.  (Scotch), 

15,790.000 

do. 

Do.  (Portland), 

1,588,000 

do. 

MI80ILLAH10U8. 

Whalebone,        ..... 

820,000 

Tredgold. 

Bone  of  Beef,      ..... 

2,820,000 

Bevan. 

Barlow,  Barlow  on  the  Stretiglh  ofMaterialt, 
Bevan,  PkOcmipkieid  Magagme,  1826,  YoL  Ixriii.,  pp.  Ill,  181. 
dark.  The  Brittmnia  and  Conway  Tabular  Bridget,  p.  468. 
Faiibaim,  B^^  of  BrUUh  Aaoeiation,  1867. 

Hodgkinson,  Beport  of  Cfommimonert  appwnUd  to  inqnkrt  UUo  ike  application  of 
Iron  to  Bailway  Stmetyret,  1849,  pp.  108, 172. 
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MScBlA!i||IKknbeB(irnree»— The  inve<%a- 
hjuS'iailS'-SwItSIlM  to  the  three  follavring 

^iSimii^.^KrS'fS^l^^^fmf^''^  (ar« tn  equilibrium), 
^w'^S^^t^^uf'^^S^^''^'"''"  ^  trtan^Ze  tke  ndes  oj 
^jl^l^rlS  ktHkSw^^aa.nifs),  i/'  two  out  of  three f&rcea 

WSf'Saf'.^f  Sf  B  ^sdSVtt^^Bfi'^'^'l^  ^n<l  direction  of 

f"  *"  '"*"        **«|f>'^|(ii^l®he  magnitude  and  direction 
ffitp^l^^^'^"'^ ;  and  if  the  directions 
F>^^^f^«j£  •components  into  which   a 
t5^^l||*»^  force  is  resolved  be  given, 
E^^^jiv^aj^  these  components  can  be 
E^^-Silf.  tlie  weight  W.  Fig.  1, 
'.  ^  EJ^^^I^ :  by  an   oblique  tie  and  a 
rj^gmgilfpit.     The  weight  and  the 
,>:!^^i3^^  tie  and  strut  meet  at  A, 
,.Ji^h^^i>^epreBeB.tei  by  the  triangle 
^^^I9^B|B^^  the  numbers  3,  4  and  5  ; 
>l^l^5^^|C^nsion  of  5  tons,  and  j  a 
J?^ft^*!^^S  the  angle  the  tie  makes 
^6^jlW.ft^fc|Aa.TBtween  these  three  forces 

III'**'*"*"*' 

■"'"'"  ^(I^  •$^  =  Wtand 

*•  -S-  .' 

SJ^:^*W^^?^,/«^  a  beam  supported  by 

'Ssj^^t  react  with  two  upward 

i^C,  and  by  the  priaeiple  of 

-    "  J®**'  ^y  eHher  prop  ia  to  the 

l^JM^^  tcAo^  beam. 

lE^=li^i^i!p!4^l^  segments  are  as  3 : 2,  the 


.?l 


p§fJil 


'><•&■>£'     _ 


■I  t;gfrHn  of  the  left  abut- 
t^nj*  fi  =  4  tons  ;  tliat 
§<4J|tright,  R'=6  tons. 
t^[l|^;  the  segments  tn 
£?1  CO^theae  reUtions  may 
U  j@bbraically  expressed 


*"   w. 

any  bracing  of 
!3ts  on  the  points  of 


ffi^fa'^CO'n^  offorceB  acting 

^^•^l^irSr^^n  DIM  direelion  round 

—. ■»_  ea    _  ^^  ofthoM  tending  to 

ny  nunAer  of  forces 

fUmt,  the  sum  of  the 
equal  to  the  moment 

ftthe  right  abntment, 
iS^^^^hes,  since  R'  passes 
"  i^are  taken. 

ilution  of  Forces,  the 
^^bi^^ — are  founded  all  the 
pl^iBsteriald  when  subject 

-g.  ■*•:*: 

lersble  scantling, 
'^^t;  as  for  example, 
iw^UUn ;"  the  two  former 
f^^^fpression  and  tension 
'"lilii.  The  term  Girder 
-„_  JlJffifranaverse  strain  and 
'pXU:£^«n>dQ0t  of  the  force  b;  the 
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exerting  a  vertical  pressure  merely  on  their  points  of  support. 
This  term  was  originally  applied  to  the  main  beams  of  floors,  but 
has  now  become  universally  adopted  by  engineers.  A  Semi-girder 
is  a  cantilever,  that  is,  a  beam  fixed  at  one  extremity  only  and 
subject  to  transverse  stndh;  in  addition  to  its  vertical  pressure 
it  exerts  a  tendency  to  overthrow  the  wall  or  other  structure  to 
which  it  is  attached. 

18.  Flaiiired  girder — Siiifrle-webbe4  irlrder — ^DoaMe- 
webbed  or  Tabular  girder — Box  irirder — Tubalar  brldire. — 
In  the  term  Flanged  girder  are  included  not  only  iron  girders 
of  the  ordinary  I  form,  but  also  all  girders  which  consist  of  one  or 
two  flanges  united  to  a  vertical  web,  whether  the  latter  be  con- 
tinuous as  in  plate  girders,  or  open-work  as  in  lattice  and  bowstring 
girders.  Flanged  girders  are  again  subdivided  into  Single-webbed 
and  Double-webbed  or  Tubular.  A  single-webbed  girder  is  one 
whose  flanges  are  connected  by  a  single  vertical  web.  Thus,  we 
have  "  Single-webbed  cast-iron  girders,"  "  Single- webbed  plate 
girders,"  "  Single-webbed  lattice  girders,"  "  Single-webbed  bow- 
string girders,"  &c.  A  Double-weibbed  or  Tvbidar  girder  is  one 
whose  flanges  are  connected  by  a  double  vertical  web,  continuous 
or  open-work  as  the  case  may  be.  Small  tubular  girders  formed 
of  continuous  plates  are  sometimes  called  Box  girders.  A  Tubular 
bridge  is  merely  a  tubular  girder  of  such  large  dimensions  that  the 
roadway  passes  through  the  tube. 

In  the  following  theoretic  investigations  all  girders  are  assimied 
to  be  horizontal  and  without  weight,  unless  otherwise  stated. 
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CHAPTER    II. 

FLANGED   0IRDER8   WITH  BRACED  OB  THIN  CONTINUOUS  WEBS. 

14.  TnuMTene-straia — Shearlng^ttraln.  —  The  formulas 
investigated  in  this  chapter  are,  unless  otherwise  expressed, 
applicable  to  aU  flanged  girders  whose  webs  are  formed  of  bracing, 
or  if  continuous,  yet  so  thin  that  the  transverse  strength  of  the  web 
as  an  independent  rectangular  girder  may  be  neglected  without 
sensible  error.  Our  knowledge  of  the  strains  in  this  vertical  web 
when  continuous  is  still  imperfect.  Analogy  indeed  leads  us  to 
conclude  that  they  follow  laws  similar  to  those  which  hold  good  in 
braced  girders,  but  in  the  absence  of  experimental  prodf  this  is  to 
a  certiun  degree  conjecture — a  conjecture,  however,  which  I  feel 
confident  my  readers  will  share  af  t^  they  have  had  the  patience  to 
read  through  this  book. 

The  mode  in  which  a  load  affects  a  girder  may  be  thus  analysed. 
From  experience  we  learn  that  the  load  bends  the  girder  downwards 
and  develops  longitudinal  strains  of  tension  and  compression  in  the 
flanges.  If  the  semi-girder,  represented  in  Fig.  3,  be  supposed 
divided  into  vertical  slices  or  transverse  sections  of  small  thickness, 
the  weight  tends  to  shear  or  separate  the  section  on  which  it  imme- 
diately rests  from  the  adjoining  one.  The  lateral  connexion  of  the 
sections,  however,  prevents  this  separation,  and  the  second  section 
is  drawn  down  by  a  vertical  force  equal  to  the  weight  which  tends 
to  shear  it  from  the  third  section  and  so  on.  Thus,  a  vertical  force 
equal  to  the  weight  is  tranemitted  from  eection  to  section  as  far  as  the 
paint  of  support.  This  vertical  strain  has  been  aptly  named  the 
Shearing-strain  ;  but  few  writers,  until  the  last  few  years,  have 
noticed  the  practical  results  which  follow  from  the  fact  that  this 
force  can  be  communicated  from  section  to  section  only  through  the 
medium  of  some  diagonal  strain.  Bespecting  the  exact  directions  of 
the  strains  which  this  shearing  force  develops  in  a  continuous  web 
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we  know  nothing  positively ;  it  is  probable  that  they  assume  various 
directions  crossing  each  other  like  close  lattice-work,  some  vertical, 
some  diagonal,  perhaps  some  curved.  However  this  may  be,  we 
know  that  certain  of  them  must  be  diagonal,  since  the  weight, 
which  is  a  vertical  force,  produces  strains  in  the  flanges,  which  are 
longitudinal,  through  the  medium  of  the  web,  which  in  fact  fulfils 
the  part  of  bracing  in  a  lattice  girder.  The  reader  will  perceive 
that  we  have  really  three  sets  of  forces  to  deal  with,  namely, 
horizontal,  vertical,  and  diagonal  forces.  The  latter,  however,  may 
be  resolved  into  horizontal  and  vertical  components,  and  thus  we 
have  at  present  only  horizontal  and  shearing  forces  to  consider, 
recollecting  that  the  ahearing-strain  of  any  transverse  section  of  a 
girder  meoM  the  total  vertical  strain  transmitted  through  that  section^ 
including  in  the  teitn  shearing  strain  the  vertical  components  of 

diagonal  strains, 

15.  Horiaontai  stndns  !■  braced  or  thin  emitfaMiowi 
welMH  vmmj  be  ne9fleeie4L — When  the  vertical  web  of  a  girder- 
with  horizontal  flanges  is  open-work  like  latticing,  the  shearing- 
strain  is  altogether  transmitted  through  the  bracing,  the  flanges 
being  capable  of  conveying  strains  in  the  direction  of  their  length 
only;  but  when  the  web  is  continuous,  as  in  a  plate-girder,  there  can 
be  no  doubt  that  a  certain  amount  of  shearing-force  acts  upon  the 
flianges  also,  so  inconsiderable,  however,  that  we  may  practically 
neglect  it.  If,  however,  one  or  both  flanges  are  curved,  the  whole  or 
a  considerable  portion  of  the  shearing-strain  is  conveyed  through 
that  part  of  the  flange  which  is  sloped,  the  amount  depending  upon 
its  angle  of  inclination.  In  this  case  the  web  haa  less  duty  to 
perform  than  if  the  flanges  were  horizontal,  and  its  sectional  area 
may  therefore  be  reduced.  It  will  also  be  observed  that  the 
diagonal  strains  developed  by  the  shearing  force  in  a  continuous 
web  have  horizontal  components  within  the  web  itself,  and  con- 
sequently, a  continuous  web  aids  the  flanges  to  a  certain  extent, 
for  those  parts  of  the  web  which  adjoin  the  flanges  share  the 
horizontal  strains  in  the  latter,  and  this  flange  action  of  the  web  is 
greater  the  thicker  the  web  is.  When,  however,  the  web  is  very 
thin,  the  total  amount  of  this  flange  action  of  the  web  is  small 


f    VT    yf    VT    rf.  V-     js~ 
fil^lgar^^lSife^^U^  dlrcetlr  «  the 

itioD  A  B  from  W, 
'^StH^^gCr^'^s  oroas  section, 
iC^.ia£i^sf|jl''i|£>n  in  the  top  flange 

jj^mpression  in   the 

'^a^y  the  freight  W, 


in  in  the  fl 

lins  in  the  web  at 

!^  moments  of  those 

one  direction  is 

st^  it  round  the  same 

>int  lie  in  the  cross 

rwill  be  cipher. 
Neglecting  the 
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horizontal  strain  in  the  web  when  continuous,  and  taking  moments 
round  A  and  B  successively,  we  obtain  the  following  relations : — 

Wi  =  Td  =  Cd  (3) 

whence, 

T=C  (4) 

that  is,  at  any  cross  section  the  horizontal  component  of  tension  in 
one  flange  is  equal  to  the  horizontal  component  of  compression  in 
the  other. 

If  F  represent  the  horizontal  strain  in  either  flange  indifferently, 
we  have  from  eq.  3 

W=^  (5) 


F  = 


I 
WZ 


d  (6) 

Eq.  5  proves  that  the  weight  which  a  flanged  girder  is  capable  of 
supporting  varies  directly  as  the  depth  and  inversely  as  the  length. 
When  both  flanges  are  horizontal,  we  have  from  eq.  4 

«/=«'/'  (6.) 

where  a  and /represent  the  sectional  area  and  unit-strain  of  the 

upper  flange,  and  a'  and  /'  those  of  the  lower  flange.     Hence,  when 

both  flanges  are  horizontal,  the  unit-strains  in  tlie  flanges  are  to 

each  other  inversely  as  the  areas. 

Ex.  1.  A  semi-girder,  9  inchei  deep,  Buppozis  7  tons  at  its  extremity ;  what  is  the 
strain  in  each  flange  at  12  feet  from  the  load  I 

Here,  W  =  7  tons, 
I  =  12  feet, 
d  =  9  inches. 

Antwer  (Eq.  6).]         F  =  ^  =  ^  ^  ^^  ^  ^^  =  112  tons. 

If  4  tons  per  square  inch  be  a  safe  working  strain  in  the  flanges,  the  sectional  area 

112 
of  e^ihlb^ge  AouM  =  _  =  28  «in»e  inche.. 

Ex.  2.  If  the  flange  be  15  inches  wide  and  1}  inches  deep,  what  will  be  the 
inch-strain? 

Here,  a  =s  22'5  square  inches, 

F  =  112  tons. 

F      112 
Antwer.    f  = — s=^__-=:  5  tons  inch-strain  nearly. 

•^        a     22.6  "^ 
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Ex.  S.  A  WTonght-iron  semi-girder  ib  7  feet  long  and  11  inches  deep,  and  each 
flange  is  4  inches  wide  and  \  an  inch  thick ;  what  weight  at  the  end  will  break  it 
acroesy  the  tearing  inch-strain  of  wrooght-izon  being  20  tons  ?    • 

Here,  F  =  «/  =  4  X  '5  X  20  =  40  tons, 
<I  =  11  inches, 
1=    7feet 

Ai«aer  (Eq.  6).    W  =  f-^  =  ^^^  =  5-24  tons. 

19.  Cilrder  of  irreate«t  slrenipth — Aream  of  hortaontol 
flaBycs  8ho«ld  be  to  eaob  other  in  the  InTerse  ratio  of  their 
mltiauite  vBit-tftralns. — ^The  distribution  of  a  given  amonnt  of 
material  in  the  flanges^  so  as  to  produce  the  girder  of  greatest 
strength,  occurs  when  both  flanges  are  simultaneously  on  the 
point  of  rupture,  for  if  either  flange  contain  more  material  than 
is  required  to  sustain  its  proper  strain  when  the  other  gives  way, 
it  can  spare  some  of  the  surplus  material  to  strengthen  the  other. 
When  both  flanges  are  on  the  point  of  rupture,  /  and  /'  are 
the  ultimate  unit-strains  of  tension  and  compression,  and  since 

-y=^,  it  follows  that,  to  ensure  the  greatest  strength  with  a 
J 

given  amount  of  material  in  a  girder  with  horizontal  flanges,  the 
sectional  areas  of  the  flanges  sJiould  be  to  each  otiier  inversely  as 

their  ultimate  unit-strains — a  result  amply  confirmed  by  experience. 
18.  Shearlny^traln — ^The  weh  should  eoatatn  no  more 
■uUerlal  than  Li  reqalsite  to  convey  the  shearinirHitrain — 
The  qnantlty  of  material  In  the  weh  of  yirders  with 
l^arallel  flanipeA  to  theoretieally  independent  of  their  depth.— 
JTie  shearing-strain  is  the  same  at  each  vertical  section  of  the  semi- 
girder  and  equals  W  (14).  If  the  flanges  are  parallel  this  strain  is 
transmitted  from  section  to  section  of  the  web  (15),  which  should 
therefore  have  the  same  sectional  area  throughout  and  be  suffi- 
ciently strong  to  transmit  the  shearing-strain  to  the  wall  or  point 
of  support.  The  web  sliould  also  for  economical  reasons  contain  no 
more  material  than  is  requisite  to  transmit  the  shearing-strain^  for 
any  surplus  material,  if  placed  in  the  flanges,  would  increase  the 
strength  of  the  girder  more  than  if  it  were  to  remain  in  the  web, 
since  its  leverage  to  sustain  horizontal  strains  would  be  thereby 
increased.    This  will  appear  clearer  when  the  reader  has  perused 


M. 
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Pl69l'ill|SvV'r4iyttk$$'^7  capable  of  sustaialag 
^Sltt^jj^B^Tiedthrooghthem.  If  aach 
lASltall  B^M  t  ■IMp Ad  ^^T  o^T  one  part  should 


why  any  one  part  should 

in  each  part  is  the   same 

NBtrun  of  that  part.     The 

iie  most  economical  also  in 

^ul  excess  of  material ;  the 

^t^'^^i&'^u^sM  ^Arou^Aout  ihe  entire  length 

i^^^ii^^^^^^^m^-unt^sfnitn  in  each  teetion 

ii^*^^^^i^^^ietion. 

ilbnS|c-lS^^f^^3g:fTe  have  when  both  flanj^ 

iad  sectional  area  of  either 
is|ie3^lS'l  the  extremity. 
"^^    jpClCconstant  for  all  values  of  I, 


f  quantity  -,  to  which  /  is 

■final  (since  by  hypothesis  the 
ffWgEl^l^gjs  uniform),  will  be  constant 
||»®ill?i'  value  of  / ;  consequently  a, 
f^itt^^C^fhe  area  of  each  flange,  will 
l^'i^'^  and  if  the  depth  of  the 
^^i^ffi^i  uniform,  its  breadth  will 
S^rS-a^!,  and  the  plan  of  the  flange 
_  ij»is'^*5*i*''6'*l^t  a«  i°  fig-  ^■ 

"'-^'""i^^t^S-tSi^i'lSJi^i  o°s  flange  be  sloped,  / 


mt 


to  the  horizontal 

._^_  ™  ,— ^,  if  its   sectional 

I  Bal^M^  [fiffitlSi^^  renutin  aniform, 
<  ea^Blaf^iliSUs  I,  and  the  side 
,ia^S  |it«^{^er  will  be  trian- 
•AMm»S/tM^^^.The  strain  id  the 


'^*5*€t' w^^  ^i^^s    that  in   the 

f^SljPj^^fe^lthe  ratio  of  their 

^.^n—  —  '*»"|which  is  entirely 

'fiTfi  w''^''  ^  ^  horizontal 

.i@n^8t6t^l  flange,  and  the 

hi^a^Ci  SI^'lKiesultant.     In  this 

~^''«iHIP''9^  j^*^^*"^  ^  omitted, 

;XtiSoI>|tlBba||'iz.,  a  triangle. 


"S"  "S?.*S*  'S*  *S*  ?Hr  ^S^  "f«  *S*  "35* 


I  UHIFORMLT. 


f 


!^|$;5Wength, 

cross  section  AB 

"'■"~**nrder  at  this  cross 


fbnin  exerted  by 

jcl^^P^^^ir  B,  that  is,  the 

''    "  ''?i8*P^*  of  **>«  longitu- 

loSC-^t^nge  is  oblique. 

T^i^ca  are  the  weights 

W^/'^i  strains  of  tension 
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and  compression  in  the  flanges  at  A  and  B,  and  the  shearing  and 
horizontal  strains  in  the  web  at  the  plane  of  section  A  B.  If  the 
web  be  continaoas  and  very  thin,  we  may,  as  in  the  previous  case, 
neglect  the  moments  of  the  horizontal  strains  in  the  web  as  insig- 
nificant compared  with  those  of  the  other  horizontal  forces.  The 
sum  of  the  moments  round  A  or  B  of  each  weight  in  the  length  I 
is  equal  to  the  sum  of  the  weights  multiplied  by  the  distance  of  their 
centre  of  gravity  from  A  or  B  (11),  that  is,  their  collective  moments 

=  tjol-.    Equating  this  to  the  amount  of  the  horizontal  strain  in 

either  flange  roimd  A  or  B,  we  obtain  the  following  relations : — 

p 
w-2=Fd  (8) 

W=W=^  (9) 

2d-'^d  ^  ^ 

Ex.  1.  A  cast-iron  semi-girder,  8  feet  long  and  18  inches  ^deep,  sapports  a  uniform 
load  of  1  ton  per  ronning  foot ;  what  area  should  the  top  flange  have  at  the  abutment 
in  order  that  its  inch-strain  may  not  exoeed  1  '5  tons  ? 

Here,    w  =  1  ton  per  foot, 
2  =  8  feet, 
(2  =  IS  inches, 
/=  1*5  tons. 

From  eq.  10,  F  =:^=  ^  ><  f  ><  «  ><  ^^  =  29-5  tons. 
^  2d  2  X  13 

Antwer  (eq.  1).  a  =r^=i?|.=  197  inches. 

Ex.  2.  The  lattice-bridge  at  the  Boyne  Viaduct  is  in  three  spans.  Each  side  span  is 
140  feet  11  inches  long  and  22  feet  8  inches  deep.  The  permanent  load  supported  by 
one  main  girder  of  a  side  span  equals  0*68  tons  per  running  foot,  and  the  gross  sectional 
area  of  its  lower  flange  over  each  pier  is  127  inches.  On  one  occasion  an  extraordinary 
load  in  the  centre  span  depressed  it  to  such  an  extent  as  to  raise  the  ends  of  the  side 
spans  off  the  abutments,  thus  forming  each  side  span  into  a  semi-girder.  What  was 
the  oompressiTe  inch-strain  in  the  lower  flange  at  the  piers  ? 

Here,    w  =  0*68  tons  per  foot, 

I  =  140-92  feet, 

d  =    22*25  feet, 

a  =  127  inches. 

An^  (eq.  10).  /=JF.=Jf^=  MX  140-92  X  140-92  ^  ^.^  ^     i^^i-rtHJo. 
^^       '  •'       a      iad  2  X  127  X  22-25  •'»'«'"  "iwi-«i«ui. 


ijgbW'^i^jifS^i-girder  is  uniformly 
l^ittrfi  n*^fi  is  equal  to  the  sum 
!!#£{  of  the  girder,  since 
B'tt^ction  to  the  wall  (14). 
^B^§V»i^*'^""-'m '^"'^  dtrM(?y  m  propor- 
P|§^M4|p.Sjf^^|^t^r(;«r,  that  u,  directiy 

19'tt -tt^S/^iB^lBa  IfiAt*!  f  and  its  sectional  area 

lft'&^€48^*"^^fi  ^^t^  ^^'  ^^^  "^"^  excess 

glSlllEbfljJSAtt^^^  to  transmit  the 

^^f Bi'^^M^lfrV'to*'^?)'  ^^■"s>  antl  would 

|||i8{!§'||l»il»^nth  greater  effect,   if 

"l^l^iiSS^f^^lJ^Nn"  «*i«»rth  when 

^^si?^w^^§l>^^alive,  when  both  flanges 

^rain  of  either  flange 
ity.  If  the  girder  be 
idange  will  be  uniform 

jio  which  /  is  propor- 

constant,  that  is,  the 

;^  of  each   flange  will 

r^Zence,  if  the  depth  of 

'^uniform,  its  breadth 

•a-       --m,-  ^'^'  *'"'   *^®   P''^"  °^ 
|*^£^9i^^|il,  if  symmetrical,  be 

l^m^^E^^^^""^  F^^^**'"^  whose 

■^  '^'tc^^x  is   at  A,    Fig.   7, 

»(x|l>  perpendicular  to  the 

|i^«treB|rth  whea  tbe 

il^  horizontal  and  the 

loiizontal  flange  only ; 

:a|[d  if  the  girder  be  of 
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Mi}Mvmm  _liiiii:S«ngth,  d  mll  vary  as  ;», 


if  tfi|l^||k|^ded  by  a  parabola  whose 


elevation  of  the  girder 
ed  by  a  parabola  whose 
A,  Fig.  8,  with  its  axis 


Sfe^.t^'  SB  this  case  it  may  be  shown 

nbliiJ(ilXl>Ie  shearing-strain  passes 

*!lIg|(^j5,-S  carved  flange,  and  the 

alStf^'tt  *^*'^'^^^  ^  perform  unless 

«:ttiML^iee^  in  which  case  pillars, 

0il|<iS||S(|B^sion   rods  if   Fig.  8  he 

"""~*      '^  *1  requisite  for  com 

[the  curved  flange, 

longitudinal  strain   in 

e  shearing-strain  and  a 

rthe  latter  being  equal  to 

H^g^%i^^^|iital  flange.     If  therefore, 

i'M^^^^f^»^'ff^i^>  Fig-  9.  represent  the 

f'^CTrfiiil^t'^a^^i'fSresent  F  (or  the  nniform 
^r^g^^N^f^iif^then  the  sloped  lines  B  1, 
^''^d^cCh^^i^^nt  the  lon^tudinal  strains 
S^'iQSEt^ihese  several  points  (9). 
[t....fceCJU^  uid  at  the  txtrtimlty 
||:to  a  nniformly  distributed 
^^%^'  ^^  '^  extremity,  the 
^k^^'  4*  >"'■     Consequently, 
^^!the  web  should  increase  in 
II  and  may  be  represented 
_    _ :  If,  for  instance,  the  line 
^is£C^present  the  length  of  a 
^'^^1S21  semi-^rder,  and  if  A  C 
^tiole  distributed  load,  that 
Sjtrain  at  the  wall,  then  the 
^c^rj^sgrbp'triangle  ABC  will  repre- 
>|^09:  t^  ■^i^^iiig-stnun  at  each  point. 
r*g..g..g..^^;-gi:^!ic^dditional  weight  W  be 
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suspended  from  the  end  of  the  girder  at  B,  then,  if  B  E  represent  this 
weight,  the  ordinates  of  the  rectangle  A  D  E  B  will  represent  the 
shearing-strains  produced  by  it  alone ;  and  when  the  girder  supports 
both  it  and  the  uniform  load,  the  collective  shearing-strains  are 
represented  by  the  ordinates  of  the  trapezium  C  D  E  B. 

98.  Flaogc-area  of  semi-ilrder  of  Qnilbrm  stren yth  loaded 
amiflinnly  and  at  the  end  i^hen  the  depth  Is  eonstant. — 

When  both  flanges  are  horizontal  and  the  semi-girder  supports  a 

uniformly  distributed  load  in  addition  to  the  weight  W  at  its 

extremity,  we  have  from  eqs.  7  and  11, 

.  _  2W7  +  wP  .. .. 

^ 2^3  ^^^^ 

Where  a  and  /  represent  the  area  and  unit-strain  of  either  flange 

indifferently  at  a  distance  I  from  the  extremity.     If  the  semi-girder 

be  of  uniform  strength,  /  will  be  constant  and  a  will  vary  as 

/  (2W'  +  trZ),  and,  if  the  depth  of  the  flange  be  uniform,  its  breadth 

will  vary  in  the  same  ratio.     Consequently,  the  plan  of  the  flanges 

will,  if  symmetrical,  be  bounded  by  a  pair  of  parabolas,  differing 

however,  from  Fig.  7  in  the  position  of  their  vertices. 

99.  Depth   of  seml-^irder   of  nnlfbrm  streni^h  loaded 
nnUhrmly  and  at  the  end  when  the  flanye-area  I0  eonstant. — 

If,  however,  one  flange  be  horizontal  and  the  other  curved,  /  and 
a,  in  eq.  12,  apply  to  the  horizontal  flange  only ;  hence,  if  its  area 
be  uniform,  d  will  vary  as  I  (2W'  +  wl),  and  the  elevation  of  the 
girder  will  be  bounded  by  a  parabola. 

Ex.  A  Bemi-girder,  447  feet  long  and  22*25  feet  deep^  sapports  a  imifonnly 
distributed  load  of  l'S2  tons  per  running  foot  in  addition  to  a  weight  of  161 '6  tons  at 
the  extremity.  What  ia  the  inch-strain  on  the  net  section  of  the  tension  flange 
at  the  point  of  snpport,  its  gross  area  being  182*6  inches,  but  reduced  by  rivet-holes 
to  the  extent  of  fths  t 

Here,   W'=  161*6  tons, 
I  =     44*7  feet, 
d=    22*25  feet, 
to  =      1*82  tons  per  foot, 
^_  7X182*6^  108*18  square  inches. 


•  »>•  ••    ••      —      0«    M 


[chap.   II. 


f^,^g^S|b8l^>lvra^^cS|ED   AT   BOTH   ENDS   j 
'^;^|tS!ft^4i*IQ-@J#tfAT£  POINT. 


li 


||f5[|B*f  i'gVwtlJJg^'  dividing  the  girder  into 
-  ~  ~  *«^*'*J|I  Jcontaining  respectively  t» 

'idfi^J^SWntuts, 
'^3)CSH^7Slhe  length  of  the  girder, 

IP  at  any  ^ven  cross  section 

XB  of  this  cross  section  from 
:^l^|cEgZif  the  segment  in  which  it 


ti9r:^:ti^l^|<i^tal  strain  exert«d  by  either 

■^"*'^^:|§  A  or  B,  that  is,  the  hori- 

z^l^jP^S^ponentof  the  longitadinal 

■ft.  .  .ft.  .  ^PS^  %^^B  flange  be  oblique. 

""■"  ""■'"■"  ""    'H);giii^cactiqn  of  the  left  abutment 

_    _F  by  this  reaction  of  the  left 

£Ut  A  and  B,  the  shearing- 

_  iorizontal  strains  in  the  web 

^*Sy tpi'^  wter  when  the  web  is  thin, 

4fHk^v^>b§.£||k!||it^:  forces  round  A  or  B,  we 

(13) 


(") 


(15) 
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SI.   HaxlBAut    llaB|pe-9tralas    oecar    at    the    welnrht. — 

If  the  cross  section  be  taken  at  the  weight,  x  =  fn^  and  eqs.  14 

and  15  become  ^  _  Tdl^  ,jgv 

""  mn 

F  =  :!^  (17) 

X  attains  its  greatest  value  when  it  equals  m;  hence,  comparing 
eqs.  15  and  17,  we  find  that  the  horizontal  strain  at  any  point  in 
either  flange  attains  its  greatest  value  when  the  weight  rests  there. 

%%.  Coaecatrsted  roUlnur  load,  maidmiuii  strains  In  flangres 
are  praportlonal  to  the  reetanirle  under  the  segments. — If 

W  is  a  rolling  load  and  the  flanges  are  parallel,  the  maximum 
strain  at  any  point*  in  either  flange  occurs  when  the  load  is 
passing  that  point  and  is  proportional  to  mn,  that  is,  to  the 
rectangle  under  the  segments. 

tS.  Weight  at  eentre. — This  rectangle  attains  its  greatest  value 
when  the  weight  is  at  the  centre,  in  which  case  eqs.  16  and  1 7  become 

W  =  i^  (18) 

F  =  ^  (19) 

Ex.  1.  A  caat-iron  girder  is  26  feet  long  and  27}  inches  deep,  and  the  area  of  the 
bottom  flange  =  16  X  8  a  48  inches.  If  the  tearing  inch-strain  of  cast-iron  be  7  tons, 
what  weight  laid  on  the  middle  of  the  girder  will  break  it  across  by  tearing  the 
bottom  flange,  omitting  any  strength  which  may  be  derived  from  the  web  ? 

Here,    Z  =  26  feet, 

d  =  27*5  inches, 

/  =  7  tons  inch-strain, 

a  =s  the  area  of  the  bottom  flange  =  48  inches, 

F  =  /a  =  7  X  48  =  836  tons. 

Answer  (eq.  18).  W  =  -1^  =  ^  ^f  ^  ^J'^'^  =  IIS'S  tons  nearly. 
^^       '  I  12  X  26  ^ 

Ex.  2.  In  an  experiment  made  by  Mr.  G.  Berkley,*  a  small  donble-flanged  cast-iion 

girder  was  broken  by  18  tons  in  the  centre.    The  following  were  the  dimensions  : — 

Effective  length,  2  =  57  inches. 

Total  depth,  d  =  5*126  inches. 

Area  of  top  flange,  a,  =s  2'88  X  0*81  =  072  sq.  inches. 

Area  of  bottom  flange,  a,  =  6*67  X  0*66  s  4*4  sq.  inches, 

Thickness  of  web,  =  0*266  inches. 

♦  Proc.,  L  C.  E.,  VoL  xxx.,  p.  254. 
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What  was  the  inch-strain  in  each  flange  at  the  centre  of  the  girder  st  the  moment 

m 

of  fracture? 

Jn«.  (eq.  19).  Inch-strain  in  top  flange /'=-^  = ^^  ^  ^^ =69*6  tons. 

^^      ^  ^    ^^-^      ia^d     4X0-72X6125    "*'*''*'™- 

InchHitrain  in  lower  flange/=i^=- — 5I^ii|-_=  11-87  tons. 

^^  "^     4a,d      4  X  4-4  X  6126 

It  is  not  recorded  which  flange  failed  first,  but  as  the  tensile  strength  of  the  metal 
was  proved  by  direct  experiment  to  be  very  high,  namely,  18*94  tons  per  square  indi, 
and  as  the  inch-strain  in  the  bottom  flange  fell  considerably  short  of  this,  the  girder 
probably  failed  by  the  crushing  of  the  top  flange,  the  inch-strain  in  which,  however, 
was  so  unusually  high,  even  for  cast-iron,  that  this  flange  no  doubt  derived  considerable 
aid  from  the  web. 

Ex.  8.  In  an  experiment  recorded  by  Sir  William  Fairbaim,*  a  girder,  cast  from 
a  mixture  of  Gartsherrie,  I>undyvan  and  Hssmatite  Irons,  27  feet  4  inches  long,  18 
inches  deep,  and  whose  lower  flange  was  10  inches  wide  and  1}  inch  thick,  was 
broken  by  a  weight  of  294  ^^^  ^  ^®  centre.  What  was  the  inch-strain  at  the  centre 
of  the  lower  flange  at  the  moment  of  rupture,  supposing  that  it  derived  no  aid  from  the 
web  which  was  ]  inch  thick  ? 

Here,      I  =  27-38  feet, 
d  =  1-6  feet, 
a  Bs  15  sq.  inches, 
W  =  29-6  tons. 

84.  Welij  slieaiiiiK^traiii. — The  shearing-strain  in  each  seg- 
inent  is  uniform  throughout  that  segment  and  equals  the  pressure 
which  is  transmitted  Hirough  it  to  the  abutment  (14).      Thus,  in  Fig. 

11,  the  shearing-strain  at  AB  =  -^ W  =  the  reaction  of    the 

left  abutment.  This  shearing-strain  is  uniform  throughout  the  left 
segment,  while  that  in  the  right  segment  is  also  uniform  and  equals 

^  W.  When  both  flanges  are  horizontal,  nearly  all  the  shearing- 
strain  is  transmitted  through  the  web  (15),  and  each  segment 
should  have  its  web  of  unifo]:m  area  adequate  to  sustain  a 
shearing-strain  equal  to  the  reaction  of  the  adjacent  abutment. 
This  may  be  represented  graphically  as  follows: — let  the  line 

*  Application  of  Iron  to  building  purposes,  p.  171. 


^m  WEBS. 


.•»}§!* 


1 9  ■ 'pK^l'^pi^B^"^  the  length 
' ** ^ St*  girder,  divided 
!Sk^^  into  the  segiaents 
lIliilL  n,  and  let  the 
■  Myi£tte  A  B  represent 
lEj^yoaction  uf  the   left 


^lft,j^tt'«0(R|l^^'.||resent  the  shearing- 

"  ^ftt)SdSt||4§|i08eof therectangU 

•a^k^^uJ^Krt  each  point  in  the 

^'^^  ahould  therefore  be 

jpi'^Snges  are  horizontal. 

Fsgfi^^pM^^^irder,  the  rectangles 

'"   "*""^^Sjn^*^ial,  the  section  of  the 

^w^^<'«l*l^°£^  as  it  suat^ns 

■'"■"*"*"*■ 


];il^:_When  both  flanges 

(20) 

'Sksi  of  either  flange  at 

lgcBg:*.|'yhen  the  girder  is  of 

]3^G«£^tl^h  flange,  and  a  will 

'  •S*i^v  as  X.    Hence,  if  the 

Si^^h  of  the  flange  be 

^u^orm,  its  width   will 

^.xg^  as  X,  and  the  plan 

l&b'^^e  flange  will  be  two 

^}S%;Sigle8  united  at  their 

|3]^«s,  as  in  Fig.  13. 

•upporto  a  IomI  of  18  ton* 


feet  long,  and  tha  ihouing-atiaia 
cTClS  tuu.  Mid  th»t  Uuongbovt  the 


;lf,  however,  one  flange  be 
a  in,  eq.  20,  apply  to  the 
iL^'  ^uniform,  d  will  vaiy  as  x. 


>»®-2"S"S: 


and  the  elevation  of  the 

girder  will  be  a  tiiangle 

whose   apex    is    at   the 

weight.  Fig.  14.    In  tlits 

case  the  shearing-strain 

is   transmitted   throngh 

:(^^i(i^^cS£^<^t^l9%fore  be  omitted  and  the 

-'•"••     •*-^'"C;^;  trass.     The  longitudinal 

u-^lculat«d  according  to  the 

ight  rests  upon  the  hori- 

L^^*S|fficient  strength  to  support 

leartef  atralB. — If  the 

r^ain  in  either  segment  Tariea 
■^^wi^nt  (S4).     Consequently,  it 
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tbe  weight  passes, 

in  the  direction  in 

latment  as  tbe  case 

at  each  section 

•utment  and,  if  both 

increase  in  the  same 

as  the  ordinates  of 

„„         CDE,  Fig.  15,  in 

EgJ^^Vni^i^zontal  line  AB  re- 

B^if^lPj^pngth  of  the  girder, 

[^>'S'l||ififke  vertical  lines  A  E 
gt'ra^gt^^nU  the  weight  of 

\tmmt. — In  the   case 

Ji|h^|«J^f  whose  flanges  are 

'"'    ght  is  passing,  from 

(21) 

nnit-strain  of  either 

le  lengths  of  the  two 

larder  at  tbe  moment 

:th,/will  be  constant 

«T»'-»~«-»ffi»-«-'S^^'  ^^^  rectangle  mn. 

^^•Hdange  be  uniform,  its 

"^  "  'th  will  vary  as  mn 

and  the  plan  of  the 

if  symmetrical,  will 

l^acprmed  by  the  overlap 

;^wo   parabolas  whose 

^i4er  of  uKlhrai 

. — If,  however,  one 
and  a  apply  to  the 


m  •=■ 


11^ 


i?iJl^t{il^ii 

.  ••  man  *  k  «  ■  >*  >  •■ 
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Ig 


:...-ig!v.Si^: 


tonzontal  flange  only, 
and,  if  its  section  be 
uniform,  d  will  vary  as 
mn.  Hence,  the  elevation 
_  of  the  curved  flange  will 

.-^-^-■JlPSfS'^l^'^tfl  vertex  at  A,  Fig.  17. 

U  ttj  w*Sf^S(^V|^t"Q  longitudinal  strain  at 
pS*£^'^¥^lli'^S^>  *-^-  ^^*'  ^^^^  ^^^^  ^^ 
OTlIlWraiiJS'^^*^:''^'^-  Eq.  17  proves 
rM  jStfiBhMflBlBIBtgitndipal  strain  is  equal  to 
8teft* ffl M 'tt'iy  d mh  same  cross  section;  it  is 
"^  '^■I/N^'J'9  ^  jpi»Mon^tudinal  str^n  may  be 
j^^^f^^EgfJ^  AB,  Fig.  18,  represent  F, 
'*■  -X^^P^^  *||T?^tal  component ;  draw  A  C 
!^.3^dl^h^|rii||tangent  of  the  curve  at  the 
draw  B  C  perpendicolar 
C  will  represent  the  maxi- 
jiincsalgrii^R&u^tial  strain  at  the  given  point, 
"' "'o^lponent,  or  that  portion  of 
:IB  through  the  curved  flange 
|3S^trun  passes  through  the 
from  assuming  a  form 
occur  were  the  carved 

!^q>ear8  that  the  lonptudlnal 

rolling  load  =  FiecV 

t^a^lhe  flange  to  a  horizontal 

therefore  as  it  approaches 

^since,  by  hypothesis,  F  is 


BOTH    ENDS    AND 
ALB. 


^^1  upon  a  girder,  tlie 

jibe  snm  of  the  strains 

j5   example   in  which 

|]^«rate  the  method  of 

;^£lie  girder  represented 

_    _     T  of  equal  parts  or 

■f^R^*  with  any  nomber  of 

;at  irrej^nlar  intervals, 

'.C^l^  girder  (divided  into 

ijfijven  cross  section  A  B, 

units  as  I, 

l£aia  exerted  by  either 

s3C^fhat  is,  the  horizontal 

~  '^'longitudinal  strain  if 
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On  the  principle  of  the  lever,  the  reaction  of  the  right  abutment 

=  ^w,+4-w,+|w,+-|.w,' 

and  the  segment  A  B  C  is  held  in  equilibrium  by  the  reaction 
of  the  right  abutment  acting  upwards,  the  weights  Wg  and  W9 
pressing  downwards,  the  horizontal  flange-strains  at  A  and  B,  the 
shearing-strain  in  the  cross  section  A  B,  and  the  horizontal  strains 
in  the  web  when  continuous.  Neglecting  the  latter  when  the  web 
is  thin,  and  taking  moments  round  A  or  B,  we  have 


Fd  =4-(W,  +  4W,  +  8 W,  +  9 W9)  -  2  W,  -  3W, 


9 


I 

arranging,  we  have 

F  =  -^(4  Wi  +  16  W4  +  12  Wa  +  6  W9). 

If  the  weights  are  of  equal  magnitude,  this  becomes 

p_38w    3.aw 

48.  Webj  shearini;4traln« — Bearing  in  mind  the  definition 
given  in  14«  it  will  be  apparent  that  the  shearing-strain  at  any  cross 
section  =  those  portions  of  the  toeights  in  the  left  segment  which  are 
conveyed  to  the  right  abutment  minus  those  portions  of  the  weights  in 
the  right  segment  which  are  conveyed  to  Hie  left  abutment.  Thus, 
in  the  foregoing  example, 

the  shearing-strain  at  A  B  =  -^  (Wj  +  4  W^  — 2  Wg  — W^). 

The  shearing-strain  may  also  be  derived  from  another  considera- 
tion as  follows.  The  vertical  forces  acting  on  the  right  segment 
ABC  are  : — the  reaction  of  the  right  abutment  acting  upwards, 
the  weights  Wg  and  Wg  pressing  downwards,  and  the  shearing- 
strain  at  A  B.  The  only  other  forces  are  horizontal,  namely,  the 
horizontal  components  of  the  flange-strains  at  A  and  B;  consequently, 
the  vertical  forces  must  balance  each  other,  for  otherwise  there 
would  be  motion,  and  we  may  therefore  define  the  shearing- strain 
at  any  cross  section  to  be  the   algebraic  sum   of  the  external 
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forces  on  either  side  of  the  section^  forces  acting  upwards  being 
positive  and  those  acting  downwards  being  negative.  For  example, 
we  have  the  shearing-strain  at  A  B  =z  the  reaction  of  the  right 
abutment  minus  the  intermediate  weights  Wg  and  W9 

=  I  (W,  +  4W,  +  8  Wg  +  9  W9)-(Wg  +  W,) 

=  1(W,  +  4W,-2W,-Ws) 

as  before.    If  the  weights  are  of  equal  magnitude^  this  becomes 

1^  =  0-2  W. 

The  shearing-strain  with  irregular  loading  may  be  represented 
graphically  as  follows : — Using  the  same  example  as  before,  let  the 
line  A  M,  Fig.  20,  represent  the  length  of  the  girder,  and  let  the 
ordinates  A  B  and  M  L  represent  to  a  scale  of  weights  the  shear- 
ing-stndns  at  the  ends,  that  is,  the  reactions  of  the  abutments ; 
then  Bd  will  equal  the  sum  of  all  the  weights ;  mark  of  Ba,  a5, 
be  and  cd  respectively  equal  to  Wi,  W4,  Wg  and  W9,  and 
draw  horizontal  lines  through  these  points  till  they  intersect 
vertical  lines  drawn  through  the  weights.  The  ordinates  of  the 
stepped  figure  ABCDEFQHIKLM,  indicated  by  lines  of 
shading,  will  represent  the  shearing-strains  in  the  web,  and  the 
line  E  F  shows  where  they  part  to  the  right  and  left 

Ex.  A  giitler,  267  feet  long  and  22  feet  8  inchee  deep,  sapports  three  locomotives, 
weigluiig  25  tons  eacli,  at  points  whose  distances  from  the  left  abutment  are  respectiyely 
10,  75  and  230  feet  What  are  the  flange-strains  and  the  shearing-strain  at  180  feet 
from  the  left  abutment  t 

Antwer,  The  reaction  of  the  right  abutment  =  ^^  '^  267^  '^^  X  25  =  30-34  tons, 

30*34  X  87—26  X  50 
and  the  strain  in  either  flange  at  180  feet  from  the  left  abutment  => 

a  62-45  tons.    The  shearing-strain  at  the  same  point  ::=  80*34  —  25  «  5*34  tons. 


[chap.  II. 


AT    BOTH    ENDS    AXD 


<a^;^;^ 


r  at  any  given 

*   ^^^S^i^o^il^tnun  exerted  by  either 

•^fll^^'il^r  B,  that  is,  the  hori- 

4!^^ti|Aii^«ient  of  the  longitudinal 

■  •f&«8l^^%'>i;l~tk£>><'S(^*>^*>i>to  which  the  sectioa 
^.|.  J^  J_.g.^eg3^e  girder. 

__  _    3^^  i^iwCrium  are  the  reaction  of 

■'""'^'^    .  nniformly    distributed 

^^Compression  and  tension 
n  in  the  plane  of  section 
web  when  continuous, 
web  is  thin,  and  taking 
A  or  B,  we  have  (II) — 


(M) 
(»»> 
(84) 


m§^ 
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Ejl  a  WTOQg^t-iion  pLate  girder,  50  feet  long  and  4  feet  deep^  sapports  a  uniformly 
diftribnted  load  of  32  tons ;  what  is  the  strain  in  either  flange  at  9  feet  from  one  end  t 

Here,    W  =  82  tons, 

I  =  50  feet, 

d  =    4  feet, 

w  =    9  feet, 

n  =  41  feet 

Amwer  (eq.  28).     F  =  «^^  »  X  ^^  X  82  ^  295  tons. 
^^      ^  2dl         2  X    4  X  50 

<>9'5 
If  4  toaas  per  square  inch  be  a  safe  strain,  the  area  of  the  flange  should  =s  ^^——  =  7*4 

4 

■qnare  inches. 

44.  StraUui  at  centre  of  fflr^r. — At  the  centre  of  the  girder 
m  =  n  =-5-  and  we  have  from  eq.  23, 

and 

W  =-?p  (26) 

Ex.  1.  A  segment  of  either  side  span  of  the  Boyne  Viaduct,  101  '2  feet  long  and  2225 
feet  deep,  supports  a  unifonn  load  of  l'€8  tons  per  running  foot ;  what  is  the  strain  at 
the  centre  of  either  flange  f 

Here,  /  =  101 '2  feet, 
d  =  22*25  feet, 
w  =      1'68  tons  per  running  foot. 

J««i^  (eq.  25).     F  =  ^^1  =  ^'^^  ^  ^^^^  ^  ^^^'^  =  96'6  tons. 
^^  Sd  8  X  22-25 

Ex.  %  The  Conway  tubular  bridge  is  41 2  feet  long  from  centre  to  centre  of  bearings, 

and  23*7  feet  deep  from  centre  of  top  cells  to  centre  of  bottom  cells  at  the  centre  of 

the  bridge.    The  weight  of  wrought-iron  in  one  tube,  412  feet  long,  is  1,1 47  tons,  which, 

howerer,  is  not  quite  uniformly  distributed,  as  the  sectional  area  of  the  tube  is  greater 

14 
at  the  centre  than  at  the  ends  in  the  ratio  of   -  -  .    Making  an  extra  allowance  for 

this,  and  adding  the  weight  of  the  permanent  way  and  the  light  galvanised  ircm  roof, 
we  may  assome  the  total  permanent  load  to  be  equivalent  to  1,250  tons  uniformly 
distributed.  What  is  the  pennanent  strain  in  either  flange  at  the  centre  of  the  girder 
from  this  dead  load  t 

^««r  («,.  26).  F  =  ^  =  li|^^  =  2.716  ton- 

The  groat  area  of  the  top  flange  at  the  centre  of  the  bridge  is  645  square  inches  ; 

that  of  the  bottom  or  tension  flange  is  586  square  inches.    If  we  assume  that  the 

D 
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weakening  effect  of  rivet  lioleB  in  the  tension  flange  la  equivalent  to  the  aid  which 
the  oontinnous  webe  gives  the  flange,  which  is  the  same  thing  as  if  we  suppose 
the  gross  area  of  the  flange  available  for  tension,  we  have  the  pennanant  tensile 

inch-strain  at  the  centre  of  the  lower  flange  =  ^^--  =5 '067  tons.    The  collective 

OoO 

area  of  the  two  sides,  i^,  of  the  web,  at  the  centre  of  the  bridge,  is  257  square 

inches,  and  it  will  be  shown  in  Chap.  TV,  that  a  continoons  web  theoretically  aids  the 

flanges  as  much  as  if  one-sixth  of  its  area  were  added  to  each  flange.    Aftaiiming 

257 
then  that  -— ,  ==  48  square  inches,  are  added  to  the  oompression  flange,  we  have  its 

6 

permanent  inch-strain  -=     ^   »  8*948    tons.      These   calculations,  it  will  be 

645  +  43 

observed,  are  based  on  the  hypothesis  that  the  web  gives  its  full  theoretical  aid  to 
the  flanges,  which  is  much  too  liberal  an  allowance  to  make  in  reality.  A  train- 
load  of  f  ton  per  running  foot,  =  809  tons  uniformly  distributed  over  one  line  of  way, 
will  increase  the  permanent  unit-strains  by  nearly  one-fourth,  or  more  accurately, 
the  inch-strain  in  the  tension  flange  at  the  centre  of  the  bridge  will  ^  6*82  tons  and 
that  in  the  oompression  flange  will  =  4'924  tons. 

Ex.  8.  What  are  the  flange«trains  in  one  of  the  Conway  tubes  from  the  pennanent 
load  at  the  quarter-spans  where  the  depth  from  centre  to  centre  of  cells  —  22*25 
feet! 

Here,    W  =  1,250  tons, 
1=    412  feet, 
d  =  22*25  feet. 


-i' 

•-?. 

mnW 

_  8ZW  _  8  X  412  X  1250 
82(2           82  X  22*25 

The  gross  area  of  the  top  flange  at  each  quarter-span  =  566  sqaare  inches,  that  of 
the  bottom  or  tension  flange  =  461  square  inches.  If  we  assume,  as  before,  that  the 
aid  which  the  continuous  sides  theoretically  give  the  tension  flange  compensates 
for  the  weakening  effect  of  rivet  holes,  we  have  the  permanent  tensile  inch-strain  in 

the  lower  flange  at  each  quarter-span  =  tLllj  =  4*707  tons. 

461 

The  area  of  both  sides  of  the  tube  together  at  each  quarter-span  =  241  square 

inches,  and  if  we  assume,  as  before,  that  one-sixth  of  this,  or  the  full  theoretic  amount, 

aids  the  compression  flange^  we  have  its  permanent  inch-strain  at  each  quarter- 

2  170 
■pan  =  566  X  40  ~  ^'^^^  ^^^    ^  comparing  the  unit-strains  in  the  flanges  at  the 

quarter-spans  with  those  at  the  centre  of  the  tube  we  find  that  they  are  nearly  equal, 
and  that  the  girder  is  therefore,  as  regards  the  flanges,  a  girder  of  veiy  nearly 
uniform  strength. 
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Ex.  4.  One  of  tlie  luge  tubes  of  the  Britannia  Bridge  is  470  feet  long  from  centre 
to  centre  of  bearings,  and  27*5  feet  deep  from  centre  to  centre  of  flange  cells  at  the 
middle  of  the  span,  and  its  weight  is  1,587  tons.  What  was  the  strain  in  either 
flange  at  the  centre  while  it  was  an  independent  girder  and  before  it  was  connected 
with  the  other  tubes  t 

^^  Sd  8  X  27-6 

The  gross  areas  of  the  top  and  bottom  flanges  at  the  centre  of  the  span  are 
respectively  648  and  585  square  inches,  and  if  we  concede,  as  before,  that  the  theoretic 
aid  which  the  webs  give  the  tension  flange  is  a  sufficient  compensation  for  the 
weakening  efi'ect  of  rivet  holes,  we  have  the  inch-strain  in  the  lower  or  tension 

flange  =  ?^  =  5*795  tons. 

OoO 


The  area  of  both  sides  at  the  middle  of  the  span  =  802  square  inches,  and  adding, 

as  befcie^  the  full  theoretic  proportion  of  onenrizth  in  aid  of  the  compressiGn  flange,  we 

S  S90 
have  the  oompressive  unit^train  in  the  upper  flange  =       *  =  4*856  tons.      The 

648  X  50 

stodeot  is  cautioned  that  it  is  not  safe  practice  to  assume  what  has  been  claimed  by 
•ome  advocates  of  continuous  versus  braced  webs,  and  which  has  been  conceded 
above,  namely,  that  so  large  a  proportion  as  one-sixth  of  the  web  really  aids  each 
flange,  especially  in  large  plate  girders  such  as  the  tubular  bridges.  Hence,  the  unit- 
strains  in  eramplflH  2, '8,  and  4  are  doubtless  below  the  reality. 

46.  Ml  eoBcentrated  load  prodaec«  the  same  siraia  in  the 
flanses  mm  twice  the  load  aBifbrmly  diitrihated* — Comparing 
eqs.  17  and  23»  we  find  that  the  horizontal  strain  at  any  point  in 
either  flange  from  a  single  weight  resting  there  is  double  that 
which  would  be  produced  by  the  same  load  uniformly  distributed. 
This,  however,  does  not  apply  to  the  web. 

40.  Weh«  shearinipHitrain. — When  the  load  is  symmetrically 
arranged  on  each  side  of  the  centre,  the  shearing-strain  at  the  centre 
0/  the  girder  is  cipher^  and  at  any  other  cross  section  it  equals  the  sum 
of  the  weights  between  it  and  the  centre.  This  will  appear  evident 
from  the  consideration  that  the  shearing-strain  at  any  section  is  the 
pressure  which  is  transmitted  to  the  abutment  through  that  section 
(14).  Hence,  with  a  uniformly  distributed  load,  the  shearing-strain 
is  proportional  to  the  distance  from  the  centre  of  the  girder,  where 

it  18  cipher,  and  increases  towards  the  ends,  where  it  equals— -9 
as  the  ordinates  of  a  triangle.    This  may  be  represented  graphically, 


Kill;  '^/rjim#>'^|:iT: 
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I^fai*w^'  -  •«-'^if]i  22,  where  the  line  A  B 

■"ill-  ■  - 


0  the  length  of  the  girder, 

f  m  iai^ffirdinates  A  C  and  B  E 

I  ftf vliivl  the  reactions  of  each 
I  I S  b  «?>'  — '     uy 

ISiiH^lH'^fi/^^vVlle  figure  AC  D  E  B  will 
fig£^f^^0|>.Mr«)|MJong  the  ^rder.  When 
i|t>iS<^£l^n£c&^^H||^H'ea  of  the  weh  ought  for 
ig^HiTfiS^ftaBiM^H^iSthese  ordinates,  for  any 

9**|(gnifeSt>||'4Sl4i^B4>^  sustaining  horizontal 
^*'l9-^'^^S«^^'  IB  |i'^>'B£B  would  be  thereby 

1^  t<^^i)^Ki^  ^  «nd  of  die  gilder  in  tbe  Snt 

'*•■»• 'ar'jir'ii* 


•**-3?.g.  .S.g.  .JJ. '®- 1^  -w-  .R 


1400  f»et  long  In  the  i3mr  ipMi, 

way,  raof  ud  a  pMnlng 

'^^m^-foorth,  =  S78  toni,  is  the 

|^ni{J^4B  abont  19  feet  higli  and  j  indi 

ScolieB,  but  u  the  vertical  edgee 

inchea  apart  centna,  their  net 

■^earing-itrain  at  the  ]<^ta  wbat 

Inch  ot  not  section.    In  thU 


:(g^|^^^  Bto^iBtb  whM  the 

.SQSvSsiu^Se,  when  both  flanges  are 


(27) 

i^c^'i^P  nnit-strain   of    either 

f  girder  into  segments 
prder  be  of  uniform 
[^iti^^acb  flange  (itt),  and  a 
the  flange  be  uniform, 


*^  ■•  bS  vd*  **  i^i  ••  I  «F  B  w,  ■  w .  aa    _  S  .s.  • 


"^'1,  and  the  plan  of  the 
inge  will,  if  symmetrical, 

»  formed  by  the  overlap 
two   parabolas    whose 
Brtices  are  at  A  A,  Fig. 

the  girder  vary 

, ,         _  uniform,  d  will 

1^^^  B-.SwIliflllllllnSf  '^"^^^^  flange  will  be 
i^'^V'tt  *    ~    *  'S'pambola  whose  axis  is 

JflS^rtical,  with  its  vertex 
^  A,  Fig.  24.  in  this 
IS^se  it  may  be  shown  that 
Esie  whole  shearing-stnun 
j:W^^*3>^ig3s|Ti|:;^fei|:i^^t  therefore  no  web  is 

tl^^'^^^^^^^^-^«^^^^'^'''  *^°  '°^  "*^  "^° 
""■"  by  vertical  lines   (or 

^^re  required  to  convey 

•0|^e  curved  flange.     The 

bases  towards  the  points 

1  explained  in  se. 

is-l^.^nlllbrtiun.— The  liori- 

|r#S*^S*  the  curved  flange  from 

>gfA|3i  may  be   produced  by 

^4he  abutments,  in  which 

c|ib^>curved  flange,  we  have 

3>ntal  load.    The  curve 

^«||bi|sI  aasumea  Irom  its  own 

'         ]^iffers  but  slightly  from 

Pfb  to  the  span  does  not 

e«^k)n  bridgcH,  viz.,  f, 

_||ii§|ntal  flange  replaced  by 

K^^^Ir^-^^^preading.  we  have  the 

pX^i^tal  load,  and  when  the 


.*.■»• 


'"^t 


-•  si"*"'  " 


||.!mam]^'tM^3i^t^  [chaf.  ii. 

i^W'334St^W''*^^S4i^>^'^®  inserted  catenary 


MRthT '^IS^— 'W^I^m"'   '^   ^'"^   point  of  a, 

Iji^aB'jIll^Od'SISi^'^int,   the  intennediate 

MS5^&^^tf8  F^^  BdS'^-  whi<^    the    stronger 

lSl#^'*88>^'!K^^)^£|^tion  of  equilibrium. 

Mk«iaiafc»jak1?».«|„(^teg  itggif  ^  each 

lliie  position  of  equili- 

ia  temporarily  sub- 

Ip^j^Mer,  nor  the  voussoira 

;^:^'^^m^tLWMM'-f^§S^^^  changing  position 
||i^^|^^^#i^;^b^;|;^e  spandril  waUs  of  the 
.3>a^^^^'^^^f^^^B*o&^^^>^?^^d  structure  to  sustain 
.^*^^^^S^l*'^<^^^*^i'§i'^S?'*y  ^°   '•y  converting 
^^-..  «_*  «     1?^*^^  W^tfiwlis^^wil^  in  the  arch  or  flanges 


IB^:  AT    BOTH    ENDS    AND 

l>S*^iE^^'^I^^    DEN6ITT. 

'^^^j^^-^^i  B<^ch  as  a  railway 

_  '*^>'!@^!^^'^  throughout  the  un- 

'Ktfi^lP^^ifi^^^ibgEviLP    Let  the  tnun  be  of 
;Tkf|dl9|(r||*(^:tt|p^^«  total  length  not  leea 

\ 

■f'.;^.  . j^.  . j^.  . j^.  ..^.  .jjj.  .^.  .^. 
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Let  I  =  the  length  of  the  girder, 

d  =  the  depth  of  the  girder  at  A,  in  front  of  the  train, 
w  =  the  weight  of  the  train  per  unit  of  length, 
m  and  n  :=  the  segments  into  which  the  front  of  the  train  divides 

the  girder,  n  being  the  loaded  segment, 
R  =  the  reaction  of  the  left  or  unloaded  abutment,  {.e.,  the 

shearing-strain  in  the  segment  m. 

F  =  the  horizontal  strain  exerted  by  either  flange  at  A, 

that  is,  the  horizontal  component  of  the  longitudinal 

strain  if  the  flange  be  oblique. 

The  girder  is  held  in  equilibrium  by  the  upward  reaction  of  each 

abutment  and  the  downward  pressure  of  the  train.    This  latter  = 

iCTi,  which  we  may  conceive  collected  at  its  centre  of  gravity  whose 

distance  from  the  right  abutment  =  -  (11).     Taking  moments  round 

this  abutment,  we  have  R Z  =  tvn-.     Hence, 

2 

R  =  :^'  (28) 

This  is  the  shearing-strain  throughout  the  unloaded  segment, 
since  it  is  transmitted  through  every  section  between  the  front  of 
the  tnun  and  the  left  abutment  (14).  As  the  train  moves  forward, 
the  shearing-strain  in  iront  increases  as  the  square  of  the  loaded 
s^ment,  and  varies  therefore  as  the  ordinates  of  a  parabola,  the 
ordinates  being  represented  by  the  vertical  lines  of  shading  in 
Fig.  25,  with  the  vertex  at  B. 

The  flange-strain  in  front  of  the  train  may  be  easily  found  by 
taking  moments  round  either  flange  at  A^  when  we  have 

51.  Haxiaini  stralBA  Ib  web  occur  at  one  end  of  a  paMlaip 
train. — It  can  be  easily  proved  that  the  shearing-strain  at 
any  point  A  is  greater  when  the  load  covers  the  longer  segment 
than  when  it  covers  the  whole  girder.  In  the  latter  case  the 
load  is  uniformly  distributed  all  over,  and  the  shearing-strain 

at  A  ,-^t*^~^/  (40)^  but  when  the  load  covers  the  greater  segment 


:s: 
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result.     The 
Qiun  of  uniform  density 


J-^'^'^-s'w*^  girder,  and  let  the 
■*i^i.;i*.!ai:ll?^^'DAiind  EC  represent 
J-S^aiSftjiiJu'g-strwns  at  its  extre- 
|*^t^^^om  a  load  unifonnly 
'^3&'WI^<d  over  its  whole  length, 
»a|9taS|A^he  permanent  bridge- 
l  't^*^'  :f  f'Bw  A  B  and  C  B  to  the 
^  JlSbO^  ^rlb  E  and  the  ordinates  of 


>^  D  A  B  C  E  will  repre- 

_    Jphearing- strains  at  each 

ihliSii^t  (46).     Again,  let  DE 

'ih^t^Snie  extrenaitiea  from  the 

^■Biv!§«ngines),  when  covering 

.J^  Hand  EOF,  and  the 

i^lvjrepresent   the   greatest 

'UiS&nl^ig  load.     The  ordinatea 
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of  the  two  figures  combined,  namely  A  B  C  H  Q  F,  will  represent 

the  greatest  possible  shearing-strains  to  which  the  girder  is  liable 

whatever  may  be  the  position  of  the  rolling  load.* 

5S.  Wamiini  strain  In  flanj^es  oecnr  with  load  all  OTer. — 

The  horizontal  strains  in  the  flanges  attain  their  greatest  value 
when  the  load  covers  the  whole  girder,  for  the  strain  at  each  point 
equals  the  sum  of  those  produced  by  each  weight  acting  separately, 
and  is  consequently  diminished  by  the  removal  of  any  one  weight ; 
the  same  result  may  be  obtained  by  comparing  equations  23  and  29, 
when  we  find  that  the  flange-strain  in  front  of  a  train  is  less  than 

when  the  train  covers  the  whole  girder  in  the  ratio  of  j,  where  n 

represents  the  segment  covered  by  the  train. 

54.  Area  of  a  continaons  ireb  caleaiafed  ttouk  the 
nhearingHrtrain — Quantity  of  material  in  a  eontinaons  web. — 

When  the  flanges  are  parallel,  the  theoretic  area  of  a  continuous  web 

may  be  calculated  from  the  shearing-strain  by  the  following  rule : — 

o    X-      1  ^      I.       Shearinfif-strain 

Sectional  area  of  web  =  —~  .    ° — ; — 

Umt-stram 

in  which  the  unit-strain  is  the  safe  unit-strain  for  shearing.     This 

gives  the  minimum  thickness,  which,  however,  is  often  much  less 

than  a  due  regard  for  durability  requires ;  neither  does  this  rule  give 

an  adequate  idea  of  the  additional  material  required  for  stiffening 

the  web  against  buckling,  of  which  more  hereafter. 

Ex.  A  Bingle-webbed  plate  girder,  50  feet  long  and  4  feet  deep,  supports  a  uniformly 
distributed  load  of  32  tons ;  what  is  the  theoretic  thickness  of  the  web,  if  4  tons  per 
square  inch  be  a  safe  shearing  unit-strain  ?  The  shearing-stndn  at  each  end  =16  tons, 
and  the  theoretic  section  of  the  web  =  y  =  4  square  inches ;  but  as  the  depth  of 
the  girder  is  4  feet,  the  thickness  of  the  web  would  be  only  ^  =  i^th  inch,  which  is 
altogether  too  thin  for  safe  practice.  The  second  example  in  40,  howeyer,  shows  that 
the  nile  in  applicable  to  the  Conway  tubular  bridge. 

On  comparing  94,  n,  46«  and  69,  we  find  that  when  a  girder 
with  parallel  flanges  and  a  continuous  web  is  loaded  in  the  manner 
described  below,  where 

/  =  the  length,  and 

/  =  the  safe  unit-strain  for  shearing  force, 

*  Appendix  to  Paper  on  Lattice  Beams.  By  W.  B.  Blood,  Esq.,  Proe.  L  C,E,, 
YoL  xL,  p.  9. 
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the  theoretic  quantity  of  material  in  the  web  should  be  as  fol- 
lows : — 


Kind  of  load. 

Theorede  qiuiitlty  of 
material  In  a  contlnnoiit  Web. 

Proportional  nnmbera 

Fixed  central  load .     .     .  =  W 
Concentrated  rolling  load  =  W 
Uniformly  distributed  load  :=  W 
Distributed  rolling  load  .  =  W 

Wl 

V 
V 

24/ 

12 

18 

6 

7 

55.  Depth  and  lenirth  fbr  calealatlon. — In  calculating  the 
flange-strains  of  girders  with  continuous  webs,  the  extreme  depth 
may  be  taken  as  the  depth  for  calculation  whenever  the  web  is 
neglected;  but  when  a  continuous  web  is  taken  into  account,  or 
when  the  web  b  formed  of  bracing,  the  depth  may  be  measured 
from  the  upper  to  the  lower  intersection  of  the  web  with  the 
flanges,  at  which  points  the  flanges  are  assumed  to  be  concentrated. 
Girders  with  cellular  flanges  are,  however,  exceptions  to  the  fore- 
going rule,  as  in  these  the  depth  for  calculation  is  measured  from 
centre  of  upper  cells  to  centre  of  lower  cells. 

The  length  for  calculation  should  be  measured  from  centre  to 
centre  of  bearings,  which  may  be  called  the  effective  length  of  a 
girder,  and  will  always  be  greater  than  the  clear  span  and  less  than 
the  total  length. 

Ex.  The  depth  of  the  Boyne  lattice  girder  for  calculation  is  measured  from  root  to 
root  of  flange  angle  irons,  and  equab  22'25  feet — see  plate  lY.  The  extreme  depth  of 
the  Conway  tube  at  the  centre  is  25*42  feet,  but  as  the  cellular  flanges  are  each  1*75  feet 
deep,  the  depth  for  calculation  is  28'67  feet.  The  extreme  length  of  the  Conway  tube 
is  424  feet,  the  clear  span  between  the  supports  is  400  feet,  and  the  effective  length 
for  calculation  is  412  feet,  the  bearings  at  each  end  being  12  feet  in  length. 
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44  TRANSVERSE  STRAIN.  [CHAP.   Ill 

of  Uie  horizontal  components  of  all  the  diagonal  forces  equals  cipher; 
and  according  to  this  definition  it  may  be  said  to  exist  in  diagonally 
braced  girders,  in  those  at  least  in  which  the  systems  of  triangulation 
are  numerous.  The  reader  will  find  his  physical  conceptions  of 
these  diagonal  strains  much  clearer  after  he  has  studied  the  action 

of  diagonal  bracing  in  succeeding  chapters. 

5§.  IVeotral  aaJ«— Centres  of  strain— Resoltant  of  horiaontal 
ftorees  In  any  eross  section  equals  cipher. — The  line  at  X,  per- 
pendicular to  the  plane  of  the  figure,  and  formed  by  the  intersection 
of  the  neutral  suriace  with  any  cross  section  of  the  girder,  is  called 
the  Neutral  line,  or  more  generally,  the  Neutral  axis  of  that 
particular  section.  The  Neutral  axis  of  any  section  is^  therefore^ 
the  line  of  demarcation  between  the  horizontal  elastic  forces  of 
tension  and  compression  exerted  by  the  fibres  in  that  particular 
section  of  the  girder.  For  these  tensile  and  compressive  forces  we 
may  substitute  their  resultants. 

Let  T  =  the  resultant  of  the  horizontal  tensile  forces  above  the 

neutral  axis, 
C  =  the  resultant  of  the  horizontal  compressive  forces  below 

the  neutral  axis, 
\  =  the  distance  between  the  points  of  application  of  these 

resultants, 
called  the  Centres  of  strain^  or  for  distinction's  sake,  the'  Centres  of 
tension  and  compression.  The  segment  A  B  W  D  is  held  in  equi- 
librium by  the  weight  W,  the  horizontal  resultants  TVnd  C,  and 
the  shearing-strain  at  the  section  AB.  Taking  moments  round 
the  centres  of  compression  and  tension  successively,  we  have 

W/  =  Ti  =  Cl  (30) 

whence 

T  =  C  (31) 

Thus,  in  every  girder  of  whatsoever  form,  the  resultant  of  all  tlie 
horizontal  forces  in  any  cross  section  equals  cipher ^  or  in  other  words, 
the  horizontal  forces  in  any  cross  section  balance  each  other ^  a  result 
which  has  been  already  proved  in  the  case  of  flanged  girders  (eq.  4). 
We  may  arrive  at  the  same  conclusion  from  the  following 
consideration.    Suppose  a  loaded  girder  to  rest  on  rollers  at  both 
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ends  80  as  to  be  perfectly  free  to  move  in  a  horizontal  direction. 
If  we  consider  the  forces  acting  at  any  cross  section  we  find  that 
they  may  be  resolved  into  three  series,  the  first  of  which  is  vertical, 
viz.,  the  shearing-strain ;  the  second  is  horizontal,  tending  to  thrust 
the  segments  apart,  and  the  third  is  likewise  horizontal,  tending 
to  draw  them  together.  These  horizontal  forces  must  balance; 
otherwise  the  girder  trould  separate  at  the  section,  since  by 
hypothesis  the  segments  are  free  to  move  horizontally  on  the  points 
of  support. 

50.  HomcBt  of  remhUamee,  M. — ^Bendlni;  nonieBi. — The 
sum  of  the  moments  of  the  horizontal  elastic  forces  in  any  transverse 
section  round  any  point  whatsoever  is  called  the  Moment  of  forces 
resisting  rupture,  or  more  briefly,  the  Moment  of  resistance  of  that 
pcurticular  section.*  Bepresenting  the  moment  of  resistance  by  the 
symbol  M,  we  have  for  a  semi-girder  loaded  at  the  extremity, 

Wi  =  M  (32) 

where  I  =  the  distance  of  W  from  the  transverse  section.  It  will 
be  observed  that  the  moment  of  resistance  of  any  particular  section 
is  constant,  no  matter  round  what  point  the  moments  of  the 
horizontal  forces  may  be  taken,  since  the  sum  of  the  tensile  forces 
is  equal  to  the  sum  of  the  compressive  forces,  so  that  they  form  a 
couple.  The  product  W/  is  called  the  Bending  moment  of  the 
weight,  and  eq.  32  may  be  expressed  in  general  terms  as  follows : — 
7^  moments  of  the  external  forces  on  eidier  side  of  any  given  section 
of  a  girder  which  tend  to  produce  rotation  round  any  point  in  tiiat 
section  are  equal  to  the  moments  of  the  horizontal  elastic  reactions  in 
the  same  section  which  resist  rotation,  or  briefly,  the  bending  moment 
round  any  section  =  the  moment  of  resistance. 

The  general  case  of  a  girder  of  any  form  of  cross  section  is  similar 
to  that  of  a  flanged  girder  whose  flanges  are  at  the  centres  of 
horizontal  strain,  and  the  formulae  in  the  several  cases  of  flanged 
girders  in  the  previous  chapter  would  be  applicable  to  this  general 
case,  if  we  only  knew  the  resultants  of  the  horizontal  tensile  and 
compressive  strains  and  also  the  distance  between  their  points  of 
application. 

*  Called  also  the  MomeiU  of  rupture. 
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8. — The  following  method  is 
fieqnentlj  adopted  for  calcnlatiiig  the  kealdiig  weight  of  solid 
reetangnhur  or  solid  round  giiden,  though  apfdicable  to  other  fcNrms 
also,  and  possesses  the  adTantage  of  beii^  founded  on  general 
reasoning  independently  of  anj  assomption  relating  to  the  laws  of 
elastic  reaction  or  of  direct  eiqierinients  on  the  tennle  and  com- 
pressiye  strength  of  materials,  which  genenlly  require  qiedal 
apparatus  and  are  therefore  less  easily  made  than  experiments  on 
transTCTBe  strength.  We  have  just  seen  (eq.  30),  that  the  relation 
between  the  wdght,  length,  horizontal  elastic  forces  and  distance 
between  the  centres  of  strain  of  a  semi-girder  fixed  at  one  end  and 
loaded  at  the  other,  is  expressed  by  the  equation 

in  which  F  represents  indifierently  the  sum  of  the  horizontal  elastic 
forces,  either  above  or  below  the  neutral  axis,  and  is  therefore 
proportional  in  girders  of  similar  section  to  the  number  of  horizontal 
fibres  in  the  girder,  that  is,  to  its  sectional  area;  i  =  the  distance 
between  the  centres  of  stndn,  and  is  evidently  proportional  to  the 
depth,  and  I  =  the  length.  Hence,  we  obtain  the  following 
relations  for  a 
9cMl-SfHter  Um^tHk  at  the  cxtradty. — 

W  =  ?^  (33) 

S  =  ^  (34) 

in  which  W  =  the  breaking  weight, 

a  =  the  sectional  area, 

d  =  the  depth, 

I  =  the  length, 
and  S  is  a  constant^  which  must  be  determined  for  each  material  by 
finding  experimentally  the  breaking  weight  of  a  girder  of  known 
dimensions  and  similar  in  section  to  that  whose  strength  is  required. 
The  constant  S  is  called  the  Coefficient  of  tratisverse  rupture^  or  more 
briefly,  the  CoeffixAent  of  rupture*  of  that  particular  material  and 

*  Sooietimet  called  the  Moduhu  ofrmptwre. 
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section  firom  which  it  is  derived,  and  equals  the  breaking  weight  of 
any  semi-girder  of  dmilar  section  in  which  the  quantity  -j-  =  1. 

By  reasoning  similar  to  that  adopted  in  the  several  cases  of 
Chapter  II.,  we  have  the  following  formubo  for  girders  supported 
and  loaded  in  various  ways : — 


y/  =  ^  (35) 

S  =  -^  (36) 

•t.  «irier  aapportod  mt  b«th  ends  «■«  ■•Adcd  at  an 
iatenaedlAte  patait,  the  s^ments  containing  m  and  n  Unear  units, 
and  /  representing  the  length,  =  m  +  n. 

W  =  ?^  (37) 

S  =  ^         .  (38) 

6t.  Ciir4«r  sapportcd  at  both  cads  wmk  lo><e<  at  theeeatre. 

W  =  1:^  (39) 

8  =  ^  (40) 

•4.  Ciirdcr  Mvparted  at  bath  vmMm  wmk  \%wAitA  aaUbnaly. 

W  =  ?^  (41) 

« 

65.  Tafrle  of  eoefldcata  of  roptare. — These  formulas, 
though  generally  restricted  in  practice  to  solid  rectangular  and  solid 
round  girders,  are  also  applicable  to  girders  of  any  form,  provided 
they  are  similar  in  section  to  the  experimental  girder  from  which 
the  coefficient  S  for  that  form  is  derived.  In  each  class  we  must 
obtain  the  coefficient  of  rupture  for  its  particular  section  by  expe- 
rimentally breakiug  a  model  girder.  This  has  been  done  for  certain 
forms  of  section  and  the  results  are  given  in  the  following  tables 
which  contain  the  values  of  8,  or  the  coefficients  of  rupture,  which 
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in  the  case  of  square  or  round  sections  are  the  breaking  weights  of 
solid  semi-girders  whose  length,  depth,  and  breadth  are  each  one 
inch,  fixed  at  one  end  and  loaded  at  the  other.  Hence,  when  using 
these  coefficients  in  the  preceding  equations,  all  the  dimensions 
should  be  in  inclies.  The  reader  may  easily  satisfy  himself  that  the 
value  of  S  is  constant  for  all  rectangular  sections  of  the  same  depth 
from  the  consideration,  that  any  number  of  rectangular  girders  of 
equal  depth  placed  side  by  side  have  the  same  collective  strength  as 
the  single  ^rder  which  they  would  become  if  united  laterally.  Hence 

—  has  the  same  value  for  the  multiple  girder  as  for  one  of  its  com- 
ponent girders,  and  therefore,  from  eq.  34,  S  is  the  same  in  both. 


MATERIAL. 


Value  of 

s 

in  torn. 


Autharity. 


CAST-IRON. 

Small  rectangulAr  ban  (not  exceeding  one  inch  in  width), 
Lai^  rectangular  ban  (three  inches  wide),    - 
Small  round  ban,        ..... 
Circular  tubes  of  imif  oim  thickness,   -  .  . 

Square  tubes  of  uniform  thickness,     -  •  -       , 


V^^ROUGHT-IRON. 

New  rectangular  ban  whose  deflection  limits  their  utility,     - 
Rectangular  ban  previously  strained  by  bending  them  while 
hot  and  straightening  them  when  cold,  and  employed  in 
the  direction  in  which  they  were  straightened, 
New  round  bars,  -.--.- 

Circular  welded  tubes  of  uniform  thickness  (boiler  tubes), 
Circular  riveted  tubes  of  plate  iron  with  transvene  joints 
double  riveted,         -•-..- 
Rolled  I  girden  with  flanges  of  equal  area,  about 
X  iron,  with  the  flange  alx>ve,  about 
Do.,  with  the  flange  below,  about      .... 

STEEL  (Rectangular  ban). 

Hammered  Bessemer  steel  for  tyres,  axles  and  rails, 

Rolled  Bessemer  steel  for  tyres,  axles  and  rails, 

Hammered  crucible  steel  for  tyres  and  axles, 

Rolled  crucible  steel  for  axles,  .... 

Average  of  a  large  number  of  specimens  of  Cast,  Bes- 
semer, and  Shear  steel,  strained  only  as  far  as  the 
limit  of  elasticity,  .... 


8-40 
2-25 
2-00 
2-85 
8-42 


8-82 


6-68 
2-26 
6'23 

8-26 
4-60 
4*00 
8-88 


0-58 

8-57 

11-00 

8-80 

600 


Clark 


91 
>f 


)t 
l> 
tf 

»* 


Kirkaldy 


n 
n 
n 


Fairbaim 


Clark,  BrUaatnifi  and  Conway  TStbular  Bridges,  pp.  486,  748. 

Fairbaim,  JUport  of  the  BrUUh  AeeodaUon  for  1867, 

Kirkaldy,  Experinunti  on  Steel  hy  a  Commiitee  of  Civil  Efigimeers,  1868, 
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WOOD. 


Solid  Biotahoulab  Gzbdbbs  and  Skmi-Girdibb. 


DESCRIPTION  OF  WOOD. 

Inltisls  of       Spedilc 
Experimentan.  GraTlty. 

Vslneof  S 
Inlta. 

Acacia^ 

B. 

710 

1,867 

AtAt^  Tilnglial^^ 

B. 

760 

2,026 

„    American, 

D.N. 

626 

1.795 

n           „         wwamp,     - 

D. 

925 

1,165 

„           „         black, 

D. 

688 

861 

Beech,  Ez^liah,      - 

B. 

696 

1,556 

„      American,  white,    • 

D. 

711 

1,380 

ff»             n        'od. 

D.N. 

775 

1,789 

Birch,  Common,     • 

B. 

711 

1,928 

„     American,  black,     - 

B.D.N. 

670 

2,061 

„             „        yeUow,     - 

D. 

756 

1,835 

Box,  Anatralian,    - 

T. 

1,280 

2,445 

Bullet  IVee,  Demerara^ 

RY. 

1,052 

2,692 

G^bacallT, 
^i^nxia.  Haliiam, 

B. 

900 

2,518 

D. 

548 

1,123 

Cedar,  Bormnda,   - 

N.Y. 

748 

1,448 

„       Gnadaloupe, 

N. 

756 

2,044 

„      American,  white,    • 

D. 

854 

766 

„       of  Xjebanon, 

D. 

830 

1,493 

Ciab  Wood,  Demoara, 

Y. 

648 

1,875 

Deal,  Christiana,   - 

B. 

689 

1,562 

leiiw^  TEtigUA^ 

B.D. 

579 

782 

„    Canada  Bock, 

D.N. 

725 

1,970 

Fir,  Mar  Forest,    - 

K 

698 

1,282 

„     Qprnce, 

M. 

503 

1,346 

„         „       American,  Uack, 

D. 

772 

1,036 

Greenheart,  Demerarai 

B.Y. 

985 

2,615 

Hemlock,  •           -           •            • 

D. 

911 

1,142 

Hickory,  American, 

D.N.M.  Y. 

881 

2,129 

Bitter  Nnt, 

D. 

871 

1,465 

Inm  Bark,  AoBtralia^ 

T. 

1,211 

2,288 

D. 

879 

1,800 

Y. 

1,228 

2,379 

Iiardi,        -           •            -            < 

B.DJ^. 

556 

1,335 

„      American,  or  Tamarack,     • 

D. 

433 

911 

lignom  Vitn, 

N. 

1,082 

2,013 

LMiist,  Demerara, 

B. 

954 

3,430 

Maliagany,  Nassau, 

M.N.Y. 

668 

1,719 

MangroYe^  Bermudia,  black, 

N.  . 

1,188 

1,699 

„               „        white, 

N. 

951 

1,985 

Mi^le,  soft  Canada, 

D. 

675 

1,694 

Norway  Spar, 

B. 

577 

1,474 

Oak,  Adriatic, 

» 

B.M. 

855 

1,471 

„    African, 

B.D.M.N. 

988 

2,528 

M     Amffrioan,  liye, 

N. 

1,160 

1,862 

H               U          "^ 

D.N. 

952 

1,687 

„           „        white. 

B.D.M.N. 

779 

1,748 

„    Dantiic, 

B.Bt. 

720 

1,518 

„    Enfflish, 

KD.M.N. 
M. 

829 
796 

1,694 
1,688 

„    Lorraine, 

M. 

796 

1,488 

„    Memel,         ..... 

M. 

727 

1,665 

K 
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DESCRIPnON  OF  WOOD. 

Initials  of       Spedfle 
Esperimenten.  Gravltj. 

Value  of  S 
inlba. 

Pine,  American  red,           .... 

B.D.M.N.y. 

576 

1,527 

„            „        pitch,         .... 

B.D. 

740 

1,727 

„            „        white,        .... 

D.N.Y. 

432 

1,229 

„            „        yellow,       .... 

B.D.M. 

508 

1,185 

„    Archangel,     •                        ... 

'  M. 

551 

1,370 

„    Dantzic,         .            .            .           -           - 

M. 

649 

1,426 

,,    Mem^          -            .            -           .            . 

M. 

601 

1,348 

„     Pnuaian,                    ... 

M. 

596 

1,445 

n    Kiga, 

B.Ma 

654 

1,388 

„     Virginian,     -            -            -            .            - 

M. 

590 

1,456 

Peon,          ...... 

B.M« 

673 

1,954 

Sneesewood,  South  Africa, 

N. 

1,066 

3,805 

Spotted  Gum,  Australia,  .... 

T. 

1,035 

2,006 

Stringy  Bark,  Australia,    .... 

T. 

937 

1,818 

Teak,         ...... 

B.M.N. 

729 

2,108 

Wallaha,  Demerara,           .... 

Y. 

1,147 

1,648 

Yellow  Wood,  West  Indies, 

N. 

926 

2,103 

The  coefficients  for  wood  are  chiefly  taken  from  the  ProfeuioiuU  Papen  of  the 

Corf  of  Royal  Engineen,  VoL  v.    The  initial  letters  refer  to  the  following  ezperi* 

moiters  :^B,  Barlow ;  D,  Denison ;  M,  Moore ;  N,  Nelson ;   T,  Tri<^ett ;  T, 

Young ;  two  or  more  letters  signify  that  the  tabulated  number  is  the  mean  result 

of  the  experimenters  whom  they  represent. 

The  reader  should  observe  that  the  foregoing  values  of  S  for 
timber  are  derived  from  selected  samples  of  small  scantling, 
perfectly  free  from  knots  and  other  imperfections  that  cannot  be 
avoided  in  large  timber,  and  the  few  experiments  recorded  on  the 
latter  indicate  that  the  values  of  S  must  be  reduced  to  very  little 
more  than  one-half  ('54  times,)  those  given  in  the  table  when 
applied  to  girders  of  large  size,  such  as  occur  in  ordinary  practice. 

STONE, 
Sold)  Rsctanoulab  Gibdsbs  and  Ssmi-Girders. 


DESCRIPTION  OF  STONE. 


Value  of  S 
Inlba. 


Anthorltjr. 


Graviteb. 

Ballynocken,  Co.  Wicklow,  cosne  and  loosely  aggre 

gated,  -  .  .  .  - 

Golden  Hill,  Blessington,  Co.  Wicklow,  coarse. 
Golden  Ball,  Co.  Dublin,  laigely  dystalline,    • 
Killiney,  Co.  DubUn,  felspauic, 
Kingstown,  Co.  Dnblin, 
Mewiy,  Co.  Down,  syenitic, 
Taylors'  Hill,  Galway,  felspar  red  and  greenish, 


109 
76 
182 
270 
S46 
840 
407 


Wilkinson 
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DESCRIPTION  OF  STOKE. 

Value  of  8 
inll)a. 

Authority. 

SAVDSTGirBS  AHD  QBITB. 

Green  Moor,  yorkBhire  blue  atone,      ... 
tf                  „        white  atone,    • 

GttthneM,  Scotland. 

Iriah  tandatones  from  yarkmi  localitieB, 

885 
859 
857 
57  to  1,095 

G.  Bennie 
Wilkinson 

LlMX8T0yi& 

listowel  Qnany,  Kerry,           .... 
BaUyduff  Quairy,  Tallainore,  King's  County, 
Woodbine  Quany,  Athy,  Go.  Kildare, 
Finglaes  Quany,  Go.  Dublin,  .... 

4U 
851 
288 
291 

Wilkinson 

>» 
it 

>» 

Slates. 

Valencia  Island,  Keny,  on  edge  of  strata, 
„                 „       on  bed  of  strata, 
Glanmore,  Ashford,  Go.  Wicklow,  on  bed  of  strata^     - 
Killaloe,  Tipperaiy,  on  bed  of  strata,  - 

„               „         on  edge  of  strata, 
Welsh  date, 

1,091 
951 
1,097 
1,288 
1,087 
1,961 

Wilkinson 

i> 

tt 
*> 

G.  Bennie 

Basautb  ahd  Hbtamobphio  Bocks. 

Hornblende  Schist,  Glenties,  Donegal, 
Moore  Quany,  Ballymena,  Antrim,  crystalline,  hom- 
blendic  and  f dspathic,          .... 

556 
581 

Wilkinson 

Wilkinson,  Practical  Geology  and  Ancient  Arc^ 

viteeture  of  Ire 

land. 

G.  Bennie,  Barlow  on  the  Strength  of  Matenou 

Is,  p.  187. 

The  foregoing  table  contains  a  very  small  selection  from  Mr. 
Wilkinson's  experiments  on  the  transverse  strength  of  Irish 
stones,  and  in  addition  to  these  the  reader  will  find  in  his  book 
a  vast  number  of  most  valuable  details  relating  to  the  crushing 
strength  and  other  properties  of  building  materials  throughout 
Ireland. 

66.  Mrenirth  of  mUmem,  even  of  the  same  kindj  Is  very 
TarlaMe. — ^Mr.  Wilkinson*s  experiments  were  made  on  stones 
14  inches  long,  with  sides  3  inches  square;  the  distance  between 
the  bearings  was  exactly  12  inches,  and  the  pressure  was  applied 
on  the  top  in  the  centre  of  each  stone  by  a  saddle  one  inch 
wide.  ''The  result  of  these  experiments  shows  the  average 
strength  of  the  principal  rocks  to  be  in  the  following  order: — 
Slate  rock,  basalt,  limestone,  granite,  and  sandstone.  The  great 
variation  which  exists  in  the  different  rocks,  and  even  in  the 
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quality  of  the  same  kind  of  stone,  serves  to  show  the  caution 
which  should  be  used  in  their  selection  and  the  value  to  be 
attached  to  the  records  of  actual  experiments." 

Ex.  1.  In  an  experiment  made  by  the  author,  a  wrooght-iron  bar,  4  inches  deep  and 
f  inch  wide,  had  a  weight  of  1,568  Ibo.  hong  from  one  end,  the  other  end  being  rigidly 
fixed.  It  oonmienoed  bending  at  2  ft  8  in.  from  the  load,  at  a  part  which  had  been 
previonsly  softened  in  the  fire  and  allowed  to  cool  slowly.    What  is  the  value  of  S  ? 

Here,    W  =  1,568  lbs., 
/  =  82  inches, 
(2=4  inches, 
a  =s    8  square  inches. 

An^  («,.  84).  S  =  2f  =  S-frSo  =  ''^'^ 
Comparing  this  with  the  tabular  value  of  S  for  *'  new  rectangular  bars  whose  deflection 
limits  their  utility/'  it  would  i^pear  that  the  useful  strength  of  bars  rendered 
ductile  by  annealing  is  only  one-half  that  of  new  bars  fresh  from  the  rolls.  This  result 
is  confirmed  by  two  of  Mr.  Hodgkinson's  experiments  on  annealed  wrought-iron  bars 
heated  to  redness  and  allowed  to  cool  slowly. — See  Appendix  to  Report  of  the  OommU- 
eionere  on  tht  Application  of  Iron  to  RaUway  8truetwre$f  pp.  45,  46. 

Ex.  2.  The  teeth  of  a  cast-iron  wheel  are  3*5  inches  long,  2*3  inches  thick,  and  7 
inches  wide ;  what  is  the  breaking  weight  of  a  tooth  ? 

Hero,    I  =  8*5  inches, 
d  =  2*8  inches, 
a  =  16*1  square  inches, 
S  =  2-25  tons. 
An^ (eq.  83).  W  =  ?^  =  1«1  X  2-8  X  228  ^  ^.^^ 

Ex.  8.  A  round  wrought-iron  shaft,  5  feet  long  and  supported  at  the  extremitiea, 

sustains  a  transverse  strain  of  80  tons  at  14  inches  from  one  end ;  what  should  its 

diameter  be  when  on  the  point  of  yielding  ? 

Here,    W  ss  80  tons, 

I  ^    5  feet, 

m  s  14  inches, 

n  ts  46  inches, 

S  =  2-25  tons. 

o  «fi   -J      'wwW      14X46X80      -.p-   .    ,         V  i    J      wi*      V 

From  eq.  88,  ad  =  =  r^ —  =  148*1  mches;  but  ad  =  — — ,  whence 

Aneuer,    d=      /  L^^^^'l  -  5.7  inches. 

V     81416 

Ex.  4.  In  an  experiment  made  by  Mr.  Anderson,  a  piece  of  memel  fir,  2  inches  deep 
and  1-^  inches  wide,  was  securely  fixed  at  one  extremity,  the  projecting  part  being  2 
feet  long.  It  sustained  a  load  of  504*5  lbs.  at  ^he  end  for  twenty  hours  without 
breaking   right   across.     This  load,  however,  upset  the  timber  on  the  lower  or 
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eomprearion  side  next  the  fulcnim.  What  is  the  value  of  S  deriyed  from  this 
experiment! 

Here,  W  =  504*5  Ibe. 
2  =  24  inches, 
d=    2  inches, 
6  =    1*94  inches. 

An^  (eq.  84).   8=1^^   2i  X  504-5    ^  ^^ 

^^      ^  ad        1-94  X  2  X  2        * 

This  Tslne  of  S  exceeds  that  given  in  the  table,  namely,  1,348  lbs.  The  piece  of 
memei  in  this  experiment  was,  however,  remarkably  straight-grained  and  well 
seasoned,  and  consequently  above  the  average. 

Ex.  5.  A  horizontal  gaff  of  red  American  pine,  15  inches  square,  is  hinged  to  a 
mast  at  the  inner  end  and  suspended  by  a  chain  9  feet  from  the  outer  end.  What 
weight  will  it  safely  bear  at  the  extremity  ?  In  this  example  the  outer  segment  is  a 
semi-girder  9  feet  long,  and  we  have 

a  =  15  X  15  inches, 
d=  15  inches,  • 

2  =  9  X  12  inches, 
8  =  1,527  lbs. 


Antwer 


(eq.  83).  \N=^  =  15  X  15  X  15  X  1,527  ^  3^.3  ^^ 
^^       '  /  9  X  12  X  2,240 


For  temporary  purposes,  and  if  the  timber  he  perfectly  ttmnd^  on^-fourth  of  this,  or  5*3 
tons,  will  be  the  safe  quiescent  load.  If,  however,  the  load,  though  temporary,  is 
hoisted  up  and  down  and  therefore  liable  to  produce  jerks,  one-sixth,  or  8*5  tons, 
will  be  the  safe  load,  but  if  the  timber  be  exposed  to  the  weather  and  in  frequent 
strain,  on^-tenth,  or  2*18  tons,  will  be  the  proper  woridng  load. 

69.  8treiiffth«ir0lmilarKii^era — ^Undtoflenir^h. — It  appears 
from  the  foregoing  inyestigations  that  the  strength  of  similar  girders 

varies  as  the  square  of  their  linear  dimensions,  for  -^,  in  eqs.  33  to 

42,  is  constant  in  similar  ^rders,  and  consequently  the  breaking 
wdght  W  varies  as  the  area  a.  The  weight  of  the  girder  itself, 
however,  varies  as  a/,  t.«.,  as  the  cube  of  its  linear  dimensions.     If 

this  wdght,  which  we  shall  call  Q,  equal  ~th  of  the  breaking 

ft 

weight,  we  have  the  breaking  weight  of  ^rders  loaded  uniformly 

(eqs.  35  and  41), 

W  =  !^  =  nQ 

V 

in  which  K  =  2  for  a  semi-girder  and  8  for  a  girder  supported  at 
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both  ends.  The  breaking  weight  W  of  a  similar  girder  n  times 
longer  is  as  follows: — 

where  n'Q  is  the  weight  of  the  second  girder.    Hence,  if  t/ie 

weight  of  any  girder  is  ~th  of  its  breaking  weighty  a  similar  girder 

fi 

n  times  longer  will  break  from  its  own  weight.     This  defines  the 

theoretic  limit  of  length  of  similar  girders.     The  same  idea  may 

be  usefully  expressed  in  the  following  terms: — The  unitrstrains 

of  similar  girders  from  their  oum  weight  will  vary  directly  as  any  of 

their  linear  dimensions.     From  this  it  also  follows  that,  the  weights 

of  similar  girders  are  as  the  cubes  of  their  unit-strains. 

Ex.  1.  The  Conw»y  tubular  girder,  412  feet  long,  sustaiiu  from  its  own  weight  a 
tensile  inch-strain  of  nearly  6  tons  in  the  lower  flange  at  the  centre  of  the  bridge ; 
what  is  the  length  of  a  similar  girder  whose  tensile  inch-strain  is  7  tons ! 

Afuwer,  Length  =  *l?>il  =  577  feet. 

* 
Ex.  2.  The  weight  of  the  Conway  tube  is  1,147  tons;  what  will  be  the  weight  of  the 

larger  girder  t 

Antwer,  Weight  =  1,147  X  —  =  S,147  tons. 

6§.  Nentral  axis  passes  throagrh  the  eentre  of  ipraTlty — 
Practical  metliod  of  flndiair  tlie  acatrai  axis. — If  the  law  of 

uniform  elastic  reaction  hold  good  in  girders  subject  to  transverse 
strain,  the  horizontal  elastic  reaction  exerted  by  each  fibre  will  be 
in  proportion  to  the  extension  or  compression  of  the  fibre,  that  is, 
in  direct  proportion  to  its  distance  from  the  neutral  axis  (56).  Its 
amount  will  also  be  proportional  to  the  sectional  area  of  the  fibre, 
and  if  the  variable  distance  from  the  neutral  axis  be  called  y,  and  the 
sectional  area  dtr  (differential  of  ff\  then  the  elastic  force  of  the  fibre 
may  be  represented  by  ydtr  multiplied  by  a  constant,  and  F,  or  the 
sum  of  the  horizontal  elastic  forces  on  either  side  of  the  neutral  axis, 

equals  \y^<r,  taken  within  proper  limits  and  multiplied  by  the  same 

constant.  This  integral  for  the  horizontal  elastic  forces  on  the 
upper  side  of  the  neutral  axis  is  equal  to  the  similar  expression  for 


il!-.,A.sraf?l 


|*S'i^l^i.S°  K  ")■ 


.gj^'.gr.gr.gjj.gir.j^^i* 


i*i 


fe^l        S§|.f.'|)»l»|> 
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Il&gf  JS^-W  I  (bctions. 
•  OT; r ft'iV^**'itfli^,«^^BJ t K pIlTTinc  method  of  inTea- 
8lF'I^Btl|Efi*S^(S*rHif<>'™  whatsoever  of  cross 

tfW*"*  O'WT^**^^''^^  l&vr  of  uniform  elastic 
^jtil**'-'      j^iicSw  true,  that  is,  that  the 

"■ "*  **  ""iW'ffi^wr  ^^^^^  exert  forces  which 

rggiUl^jirtioiial  to  their  change  of 
^li^Bgi&id  therefore  directly  pro- 
^q^Eai^  to  their  distance  from  the 
r&^^^Jazie,  an  hypotheMS  which 
I^S'lls^^ly  true  so  long  as  the 
^iHs^S^Io  not  exceed  those  which 
..'.-_-.  oa.  u.a.i.  1-.  (yjngjijefably  within 
^rder  com- 
and  let  us 
by  the  weight  W 


f  the  section  A  B  («0), 

^iJ^^^'^^^^^'S^'S'^y  fit'"  ™  *^*  section  A  B, 
• '  '*'  *i^^«i^l>^«ll^  S^W>t^ neutral  axis, 
r-^&^S^^:g^w^K*at  the  distanc 
•  '"*  :^i^kH^tb?l«i|^i^St^^stS*entIy  a  varial 


e  distance  y  from  the 

StA^i^rently  a  variahle,  except  in 

fictions, 

^A^^erted  by  fibres  in  the  same 

4s^i^^  c  fi'o™  ^he  neutral  axis, 

.J«j^;^^X^«i^>d^<^*&^l4^i^I>0Te  or  below  the  neutral 

*  !ll»"M"^=^^ '!§*"§•  •fa'^ert  the    horizontal    unit- 

|ii^V^M^ai?tii|^%!S*Si>>^rain  in  any  other  fibres  at 
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a  distance  y  from  the  neutral  axis  will  be  JS.   Let  the  depth  of 

the  latter  fibres  =  dy  (differential  of  y) ;  then  the  total  horizontal 
force  exerted  by  the  fibres  in  the  breadth  |3  will  =  *^  ^ydy.     The 

moment  of  this  force  round  the  neutral  axis  =  ^fiy^dy^  and  the 

integral  of  this  quantity  will  be  the  sum  of  the  moments  of  ail  the 
horizontal  elastic  forces  in  the  section  A  B  round  its  neutral  axis, 
that  is,  the  moment  of  resistance  of  the  section  in  question  (59). 
Representing  this  as  before  by  the  symbol  M,  we  have 

=^^t,*d2,  (43) 

in  which  the  integral  must  be  taken  within  proper  limits  for  each 
form  of  cross  section  and  may  be  readily  found  for  those  sections 
which  occur  in  practice  in  the  following  manner.* 
TO.  Let  A,  =  the  distance  of  the  top  of  the  girder  above  the 

neutral  axis, 
h^  =  the  distance  of  the  bottom  of  the  girder  below  the 
neutral  axis. 
The  expression  for  the  moment  of  resistance  becomes 

in  which  |3i  if  variable,  must  be  expressed  in  terms  of  y. 

91.  M  Ibr  sections  symmetiically  disposed  above  and 
below  the  centre  of  gravity. — When  the  material  is  symmetri- 
cally disposed  above  and  below  the  centre  of  gravity,  the  neutral 
axis  bisects  the  depth  (6§),  and  if  d=z  the  depth,  we  have  A|  =  A, 

=  f,and 

M  =  ^  By'dy  (45) 

The  values  of  M  for  the  usual  forms  of  cross  section  are  as 
follows,  reooUecting  that/=  the  unit-strain  in  fibres  whose  distance 
from  the  neutral  axis  =  c. 

*  The  mder  will  recognise  the  integral  yBj/'djf  tm  that  which  expresses  the  MomaU 
0/  Inertia  of  the  cross  section  round  its  neatral  axis,  represented  by  the  symbol  I. 
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n.  M  ibr  a  solid  reetaairl^ 

Let  b  =  the  breadth, 
d  =  the  depth. 

In  the  case  of  a  rectangle,  /3  =  6  and  is  therefore  constant,  and  we 
have  from  eq.  45, 

98.  M  Ibr  a  solid  square  wllh  one  diagonal  vertteaL 

Let  a  =  the  semi-diagonal, 
b  =  the  side  of  the  square. 
The  variable  breadth  |3,  expressed  in  terms  of  y,  =  2  (a — y);  sub- 
stituting this  value  in  eq.  45,  we  have 

C  Jo 

Integrating  and  reducing. 

The  moment  of  resistance  of  a  square,  it  will  be  observed,  is  the 
same  whether  the  sides  or  one  diagonal  be  vertical 

94.  M  for  a  elrcular  disc. 

Let  r  =  the  radius. 
The  variable  breadth  |3,  expressed  in  terms  of  y,  becomes  2  ^^r* — y' ; 
substituting  this  value  in  eq.  45,  we  have 

M  =  ^Vr^TZrpj.yJdy. 

Integrating  and  reducing, 

M  =  "^^  (48) 

4c 

95.  M  Ibr  a  elreolar  rinir  of  nnllbria  thlekaess. 

Let  r  =  the  external  radius, 
Tj  =  the  internal  radius. 

The  moment  of  resistance  of  a  ring  is  equal  to  that  of  the  external 
circle  minus  that  of  the  internal  one,  and  we  have  from  eq.  48, 

M  =  ^(r«^V)  (49) 
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If  ^  =  the  thickness  of  the  ring,  r|  =  r  —  t;  whence,  by  substitu- 
tion in  eq.  49, 

M  =  ^(Ar^t  —  6rH^  +  4W»  —  t*) 
4c 

If  the  thickness  be  small  compared  with  the  radius  the  last  three 

terms  maj  be  neglected,  and  we  have 

M  =  2^*  (50) 

C 

96.  M  War  an  elllptle  dl«c  with  one  axis  horlaontaL 

Let  b  =  the  horizontal  semi-axis, 
d  =  the  vertical  semi-axis. 

The  equation  of  an  ellipse  whose  origin  is  at  the  centre  is  u+^^^f 

hence,  the  variable  j8  =  2^  =  2 ^^^P—y*  ;    substituting    this 

value  of  |3  in  eq.  45,  we  have  for  the  moment  of  resistance  of  an 
elliptic  disc  round  its  horizontal  axis. 

Integrating  and  reducing, 

M  =  ^  (51) 

4c 

99.  M  for  an  elliptic  linir  with  one  axis  horlaontaL 

Let  b  =  the  external  horizontal  semi-axis, 
&i  =  the  internal  horizontal  semi-axis, 
d  =  the  external  vertical  semi-axis, 
di  =  the  internal  vertical  semi-axis. 
If  the  ring  be  of  uniform  thickness,  as  generally  occurs  in  practice, 
both  the  external  and  internal  curves  cannot  be  true  ellipses ;  when 
however  the  ring  is  thin,  we  may  assume  that  the  ellipse  passing 
through  the  extremities  of  the  internal  axis  is  equidistant  from  the' 
external  ellipse,  and  that  the  moment  of  resistance  of  the  ring  is 
equal  to  that  of  the  external  minus  that  of  the  internal  ellipse ; 
whence  (eq.  51),  we  have  for  the  moment  of  resistance  of  an  elliptic 
ring  round  its  horizontal  axis, 

=  ^(6d«  — Ml*)  (52) 

Ac 
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If  tzz  the  thickness  of  the  tube,  &|  =  6  —  t  and  d^  —  d  —  t;  sub- 
stituting these  values  in  eq.  52,  expanding,  and  neglecting  the 
terms  in  which  the  higher  powers  of  t  occur,  we  have  when  the 
thickness  of  the  tube  is  small  compared  with  its  axis-minor, 

M=^V3ft-fd)  (53) 

9§.  Two  eUwsefl  of  flanffcd  girders. — The  term  *'  flanged 
girder,*'  as  has  been  already  remarked  (18),  includes  rectangular 
tubes  and  braced  girders  as  well  as  the  ordinary  single-webbed 
plate  girder.  The  sides  of  a  tube,  the  braced  web  of  a  lattice 
girder,  and  the  continuous  web  of  a  plate  girder — all  perform  the 
same  duty  of  conveying  the  vertical  pressure  of  the  load  (shearing- 
strain)  to  the  points  of  support,  developing  at  the  same  time 
longitudinal  strains  in  the  flanges.  It  is  obvious,  therefore,  that 
the  sides  of  the  tube  are  equivalent  to  the  web  of  the  single- 
webbed  girder,  which  is  the  form  best  suited  for  calculating  the 
moment  of  resistance. 

Flanged  girders  may  be  subdivided  into  two  classes. 

1st.  Those  in  which  the  web  is  formed  of  bracing,  or,  if  con- 
tinuous, yet  so  thin  that  the  horizontal  strains  developed  in  it 
are  insignificant  compared  with  those  in  the  flanges.  This  class 
has  been  already  investigated  in  Chapter  II. 

2nd.  Those  in  which  the  web  is  continuous  and  so  thick  that  the 
horizontal  strains  in  it  are  of  considerable  value,  in  which  case  the 
web  acts  as  a  thin  rectangular  girder,  enabling  the  flanged  girder 
to  sustain  a  greater  load  than  is  due  merely  to  the  sectional  area 
of  its  flanges.  In  either  case  it  will  be  sufficiently  accurate  for 
practical  purposes  if  we  suppose  the  mass  of  each  flange  concentrated 
at  one  point  or  centre  of  strain,  which  may  be  assumed  to  coincide 
with  the  intersection  of  the  web  and  flanges  (55). 

99*  M  fl»r  the  seetlon  of  a  flanyed  irii^^i"  or  reetaBir«lar 
tnliej  neirlectfaiff  the  weh. — 

Let  a|  =  the  area  of  the  upper  flange, 
a^  =  the  area  of  the  lower  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis. 
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7ij  =  the  height  of  the  web  above  the  neutral  axis, 
A,  =  the  height  of  the  web  below  the  neutral  axis, 
d  =  Aj  +  Aj  =  the  depth  of  the  web, 
A  =  a,  +  O)  =  the  area  of  both  flanges  together. 
From  eq.  44  the  moment  of  resistance  of  the  flanges  alone 

M  =  /(ajAi*  +  a,A,»)  (54) 

c 

If  we  neglect  the  web,  the  neutral  axis  passes  through  the  centre  of 

gfravity  of  the  two  flanges  (68),  and  we  have  Aj  =  -^and  Aj  =  -1-; 
hence,  bj  substitution, 

M  =  ^*^  (55) 

§0.  M  ftir  the  flection  of  a  llAniped  girder  or  rectansiilar 
tabe^  inelndiiiir  the  web. — When,  however,  the  horizontal  strains 
in  the  web  are  too  considerable  to  be  safely  neglected,  the  moment 
of  resistance  of  the  web,  derived  from  eq.  44,  must  be  added  to  that 
just  obtained  for  the  flanges  (eq.  54),  when  we  have 

■^  =  {{(-'+ 1) '"*+(«*+^^)*4        <''> 

M.  M  fbr  the  oeetlon  of  a  flanired  i^lrder  or  reetanirnlAr 
tabe  with  equal  fllaiigefl»  Inehidliiff  the  web. — ^If  the  flanges 
have  equal  areas,  the  neutral  axis  will  be  in  the  middle  of  the 

depth,  in  which  case  A^  =  A,  =-,  and  eq.  56  becomes 

M  =  gj(6a  +  aO  (57) 

where  a  =  the  area  of  either  flange, 
a'  =:  the  area  of  the  web. 
The  moment  of  resistance  of  a  rectangular  tube  ^th  fllanges  of 
equal  area  may  also  be  obtained  from  eq.  46  by  subtracting  the 
moment  of  resistance  of  the  inner  from  that  of  the  outer  rectangle 
as  follows: — 

M  =  jZ(id»_j,d,»)  (58) 

where  b  =  the  external  breadth, 
hi  =  the  internal  breadth, 
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the  alteration  of  length  of  the  intermediate  fibres,  N  S  being 
the  neutral  surface  which  divides  the  section  into  equal  parts  (56). 
The  sum  of  the  horizontal  forces  exerted  by  the  fibres  in  either  the 
upper  or  the  lower  half  of  the  section  is  equal  to  the  product  of  the 
half  section  by  the  mean  unit-strain  of  the  fibres,  and  if/=  the  unit- 
strain  in  the  extreme  fibres,  then  ^  is  the  mean  unit-strain  of  all  the 

fibres,  for  it  equals  the  unit-strain  exerted  by  the  fibres  lying 
mid-way  between  the  neutral  surface  and  either  the  upper  or  the 
lower  edge.  The  total  strain  of  tension  in  the  upper  half  and 
that  of  compression  in  the  lower  half  are,  therefore,  each  equal  to 

X  -^,  where  h  and  d  represent  the  breadth  and  depth  of  the  sec- 

tion.  Moreover,  since  the  horizontal  elastic  forces  in  the  various 
fibres  are  proportional  to  the  lines  of  shading  in  the  two  triangles 
(9),  the  centres  of  tension  and  compression  (5§)  coincide  with 
their  centres  of  gravity,  and  their  distance  apart  therefore  =  ^. 
Hence,  taking  moments  round  either  centre  of  strain,  we  have  as 
before, 

6 

8II.  8oll4  square  seml-ylrders  with  one  4la|roDal  vertlMil — 
HoUd  square  ylrdeni  with  the  sides  Tertieai  are  1*414  iUmtm 
stronger  thaa  with  one  diagonal  vertlcaL — If  one  diagonal  is 
vertical,  we  have  from  eqs.  47  and  61, 

where  /  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  e  =  — ;-, 

and  we  have, 

W=/g  (63) 

Comparing  eqs.  62  imd  63,  we  find  that  the  transverse  strength  of 
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from  which  we  derive  the  following  rule.  Erect  a  perpendicular,  /?, 
at  one-third  of  the  length  of  the  diameter,  and  from  the  point  where 
this  perpendicular  intersects  the  circumference  draw  two  lines,  b 

and  dy  to  the  extremities  of  the  diameter ;  then  6'  rs-^-D'  * 

88.  Solid  roend  semHrlrden. 

Let  r  =  the  radius. 

From  eqs.  48  and  61, 

4<? 
where/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  e. 
If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  c  =  r,  and 

W=^  (64) 

80.  Solid  sgoare  fflrders  are  1*9  tlmei  as  stronir  as  the 
laseribed  clrele^  and  0*6  times  as  stroair  as  the  cireomserihed 

eirele. — Comparing  eqs.  62  and  64,  we  find  that  the  strength  of  a 
solid  square  girder  is  1*7  times  that  of  the  solid  inscribed  cylinder, 

5*66 
whereas  its  strength  is  only  ^^j^  =  0*6  times  that  of  the  solid  cir- 
cumscribed cylinder.! 

00.  Hollow  roand  seml-i^irders  of  anlflbnn  thiekness. 

Let  r    =  the  external  radius, 

r,  =  the  internal  radius. 
From  eqs.  49  and  61, 

WZ=4^(r*— r/) 
4c 

where/  =:  the  unit-strain  in  fibres  whose  distance  from  the  neutral 

axis  =  c. 

*  Euclid,  Book  vi. ;  Cor.,  prop.  S. 

t  In  Barlow*B  ezperixnente  on  very  fine  ■pecimens  of  Christiana  deal,  the  breaking 
weight  of  girders  i  feet  long  and  2  inches  sqoare,  supported  at  the  ends  and  loaded  in 
the  middle^  was  1,116  lbs.  The  breaking  weight  of  ronnd  girders  of  the  same  length 
and  2  inches  in  diameter  was  772  lbs.  The  ratio  of  these  breaking  weights  s:  1*45,  not 
1*7,  which  the  theory  in  the  text  gives. — Barlow,  p.  142. 
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If,  however,/  =  the  unit-Btrain  in  the  extreme  fibres,  «  =:  r,  and 

W=-^(r«-r/)  (65) 

If,  moreover,  the  thickness  of  the  tube  be  small  compared  with 
the  radios,  we  have  from  eqs.  50  and  61, 

W  =^4^  (66) 

V 

where  t  represents  the  thickness  of  the  tube. 

Ex.  A  tabular  cnne  post  of  plate  iron  is  11  feet  high  and  2*4  feet  diameter  at  the 
baae.  The  load  on  the  crane  producea  a  bending-atrain  equivalent  to  20  tons  acting  at 
right  anglea  to  the  top  of  the  post ;  what  should  be  the  thickness  of  the  platmg  at  the 
base  in  order  that  the  inch-strain  may  not  exceed  3  tons  ? 

Here,    W  =  20  tons, 
I  =  11  feet» 
r  =  1-2  feet, 
/  =  8  tons  per  square  inch. 

Antwer  (eq.  66).  t  =-^= ^^  ^  ^^ _.=  1*35  inches. 

.aiwwr  veq.  «o;.  •       ^^        81416  X  3  X  12  X  (12^         loomcne.. 

91.  Centre  of  solid  round  i^rdem  nearlj  nseleiM. — The 

centre  or  core  of  a  cylindrical  girder  may  be  removed  without 
sensibly  diminishing  its  transverse  strength ;  for  it  appears,  from  eqs. 
64  and  65,  that  the  strengths  of  two  cylinders  of  equal  diameters, 

one  solid  and  the  other  hollow,  are  as  —r r » ii^  which  r  and  r.  are 

the  external  and  internal  radii ;  let  r  =  nr|,  then  the  ratio  becomes 
-^ — -;  if,  for  example,  n  zz  2,  the  loss  of  strength  in  the  hollow 

cylinder  amounts  to  only  -j^th  of  that  of  the  solid  cylinder  while 
the  saving  of  material  amounts  to  ^th.  For  this,  among  other 
reasons,  cylindrical  castings,  such  as  crane  posts,  should  be  made 
hollow. 

9S.  Hollow  and  solid  eyilnders  of  eqnal  weiirbt. — It  may 
also  be  shown  that  the  transverse  strength  of  a  thin  hollow  cylinder 
is  to  that  of  a  solid  cylinder  of  equal  weight  as  the  diameter  of  the 
former  is  to  the  radius  of  the  latter.    By  eqs.  66  and  64,  the  ratio 

of  the  strength  of  a  hollow  to  that  of  a  solid  cylinder  =  —  ^  ,  in 


L 
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which  r  and  t  represent  the  radius  and  thickness  of  the  hollow 
cylinder,  and  Vi  represents  the  radius  of  the  solid  cylinder  ; 
since  by  hypothesis  the  two  cylinders  are  of  equal  weight,  we  have 
2rt  =z  Ti';  whence,  by  substitution,  the  ratio  of  strength  becomes 

— ,  that  is,  as  the  diameter  of  the  hollow  cylinder  is  to  the  radius  of 

the  solid  cylinder. 

08.  Holld  elUptie  wml-irirderli. 

Let  b  =  the  horizontal  semi-axis, 
d  =  the  vertical  semi-axis. 
From  eqs.  51  and  61,  we  have, 

4c 
where/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  c  ^  d^  and 

W  =^^^  (67) 

94.  Hollow  elliptic  semi-fflrdcni. 

Let  b    =  the  external  horizontal  semi-axis, 
6 1  =  the  internal  horizontal  semi-axis, 
d   =  the  external  vertical  semi-axis, 
{f  I  =  the  internal  vertical  semi-axis. 
From  eqs.  52  and  61  we  have 

where  f  =  the  unit-strain  at  the  distance  c  from  the  neutral 
axis. 

If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  c  =  (/, 
and 

W  =  ^^  ibd'-bA')  (68) 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with 
the  shorter  axis,  we  have  from  eqs.  53  and  61, 

W  =  ^^(3i+(/)  (69) 

where  t  =  the  thickness  of  the  tube. 
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95.  Flanyed  neml-irlrder  or  reciani^lar  tnhe,  tailing  the 
ireb  into  aoeoant« 

Let  a  I  =  the  net  area  of  tUe  top  flange, 

a,  =^  the  area  of  the  bottom  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis, 
Ai  =  the  distance  of  the  top  flange  above  the  neutral  axis, 
A)  =  the  distance  of  the  bottom  flange  below  the  neutral  axis, 
/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 
From  eqs.  (56)  and  (61),  we  have 

96.  Flanged  semi-girder  or  reetangolar  tolie  witli  eqnal 
Hanges. — If  the  flanges  are  equal,  we  have  from  eqs.  57  and  61, 

W'  =  ^  (6«  +  a') 

where  d  =  the  depth  of  web, 

a  =  the  area  of  either  flange, 
a'  =  the  area  of  the  web, 

/  =  the  unit-strain  in  fibres  whose  distance  from  the 
neutral  axis  =  c. 

Iff  =  the  unit-strain  in  either  flange,  c  =  -,  and  we  have 

w 


=1(«+l)  <"> 


In  the  case  of  a  rectangular  tube  with  equal  flanges,  the  following 
equation,  derived  from  eqs.  58  and  61,  may  be  used  instead  of 
eq.  71, 

W  =  X^(6t?-Mi*)  (72) 

where  h   =  the  external  breadth, 

&i  =  the  internal  breadth, 

d   =  the  external  depth, 

cf,  =  the  internal  depth, 

/  =  the  unit-stnun  in  the  extreme  fibres,  in  which  case 

d 
t 
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99.  Squire  tmhen  with  Teitleal  slden. — If  the  tube  is  square 
with  vertical  sides  of  uniform  thickness,  we  have  from  eq.  72, 

^  =  m  ^*  ~^''^  ^^^^ 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with  its 
breadth,  we  have  from  eqs.  60  and  61, 

W  =  4^'  (74) 

where  t  =r  the  thickness  of  the  side  of  the  tube. 

0§.  Square  tobe«  witii  diagonal  Tertleal — Sqoare  tobes 
of  ullbrm  thickness  with  Tertlcai  sides  are  1*414  times 

stroDser  than  with  one  diagonal  TertieaL — If  one  diagonal 
of  the  square  tube  is  vertical,  the  sides  being  of  equal  thickness,  we 
have  from  eqs.  59  and  61, 

where  /  =:  the  unit-strain  at  the  distance  c  from  the  neutral 
axis. 

If/  =  the  unit-strain  in  the  extreme  fibre,  c  =  -^,  and  we  have 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with  its 
breadth,  we  have  from  eqs.  60  and  61, 

W  =  '^^^  (76) 

V 

where  t  =  the  thickness  of  the  side  of  the  tube. 

Comparing  eqs.  73  and  75,  we  find  that  the  strength  of  a  square 
tube  of  uniform  thickness,  with  the  sides  vertical,  equals  1'414  times 
the  strength  of  the  same  tube  with  the  diagonal  vertical. 

00.  Siinare  tabes  of  vnifimn  tliielaiess  with  Tertleal  sides 
are  1*9  times  as  stroair  n«  the  Inserilied  dreie  of  equal 
thieiuiess^  and  O*§0  times  as  stronir  as  the  eirenmserllied 
eirele  of  equal  thickness — Sqnare  and  round  tnlies  of  equal 
tlilekness   and   weif^ht   are   of  nearly   equal    strength. — 

Comparing  eqs.  74  and  66,  we  find  that  the  strength  of  a  square 
tube  with  vertical  sides  is  to  that  of  a  round  tube  of  equal  thickness 
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and  whose  diameter  equals  the  side  of  the  square  (inscribed  circle) 

16 
as  ^^  =  1*7 ;  whereas  the  strength  of  the  square  tube  with  verti- 
cal aides  is  to  that  of  a  round  tube  of  equal  thickness  but  whose 
diameter  equals  the  diagonal  of  the  square  (circumscribed  circle,)  as 

8 
—-  =  0*85.    It  also  appears  that  the  strength  of  the  circumscribed 

circle  is  twice  that  of  the  inscribed  circle  of  equal  thickness.  If 
square  and  round  tubes  are  of  equal  thickness  and  weight,  their 

peripheries  will  be  equal,  that  is,  4i  =  2Tr,  or  (  =  -r ;  substituting 

this  value  for  b  in  eq.  74,  and  comparing  the  result  with  eq.  66,  we 
find  that  the  relative  strength  of  square  tubes  with  vertical  sides 

and  round  tubes  of  equal  weight  and  thickness  =  —  =  1*0472,  or 

o 

very  nearly  a  ratio  of  equality,  the  square  tube  being  very  slightly 
stronger  than  the  other.  When  semi-girders  are  subject  to  trans- 
verse strain  in  various  directions  like  crane  posts,  the  round  tube  is 
generally  preferable  to  a  square  tube  of  equal  weight,  as  the  latter 
is  much  weaker  in  the  direction  of  the  diagonals  (98).  liievertheless, 
rectangular  tubes  of  plate  iron,  with  strong  angle  iron  in  the 
comers,  form  very  efficient  crane  posts. 

lOO.  Talac  of  web  In  aid  of  the  flamfres. — The  strength  of  a 
^rder  with  equal  flanges  and  continuous  web,  in  which  full  credit 
is  given  to  the  web  for  the  horizontal  strains  which  it  sustains,  is 
equal  to  the  strength  derived  from  the  flanges  alone  plus  that 
derived  from  the  web  acting  as  an  independent  rectangular  girder. 
Eqs.  5  and  71  prove  that  a  cantinuatis  web^  in  a  girder  with 
Jlanges  of  equal  area^  does  tlieoretically  as  tntieh  duty  in  aid  of  the 
flangee  as  if  one-sixth  of  the  web  were  added  to  each  flange  and  the 
web  were  made  of  bracing.  In  girders  with  unequal  flanges,  the 
centre  of  gravity,  and  therefore  the  neutral  surface,  is  closer  to  the 
large  flange ;  consequently  the  small  flange  will  derive  more  benefit 
from  a  continuous  web  than  the  large  one. 

101*  Plan  of  solid  reetaairnlai'  flenl-ylrder  of  anlfbrm 
deptii  tmmmUmt. — From  eq.  62,  the  unit-strain  in  the 
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~  —    —  ~         Wk'.—'  ** 

_       l^&4am.  IB^W'^^^  of  a  8oUd  rectangular 

••_.•! -•••aETrTaiBn  ^  ^'j»««^'  ^  ••  AAV 

jft(wi-jf®y  =  ^.    Iftheeemi- 

I  Vo^H'mI'^  umform  atrength  (19), 

-  H^^fV&'^aVBtant,  and  conseqoeatly 

■  H>6  6B>n?^''^   A^    be    constant, 

j  |llBiyjg|tWidie  depth  of  the  ^rder 

''Miar  •»■"*' S&ilfllfil  *  "^'^  varyaa  f,  that  ia 

^onBWlSi^i^lllBiQ^nHrlrder  oT  utifbrM 

^'^4»]^t|^j$^M-Hl^lbreadth  eoMStut.— If, 
^H^t^ifji'he  breadth  be  uniform, 
■'^0*^1 '^7  as  I,  and  if  the  top 
i^^Jk^^Sjrder  be  horizotital  the 
'rh|^3k^4l  be  bounded  hy  a  para- 
[:^|.ajiii||«  vertex  is  at  W  and  its 
[l^^^^tal,  Fig.  35. 

^^^|5gi^ji$liStlbr«  rtre.^-From 
^;^i^§^^^Jltii£^^iaS^SEU^^ffeB  of  a  » 

" iiW 


^..-as.-as.-as^^S";: 


a  solid  round  semi- 


If  its  strength  be 

will  vary  as  I,  and  the 

iSa^'^tO^will  be  a  solid  formed  by 

ion  of  a  cubic  parabola 

iK>ntalaxis,Fig.36.  The 

anvil  is  a  rude  approxi- 

>^i^a'S:ti^his  form  of  semi-girder. 

.    .]*^^iR^3'  ■nllbrm  rtrcBgtb. — 

ti^^^NS^yxBJStne  fibres  of  a  thin  round 

nn,  /  will  be  constant 

f *S*  ^^'a'^^!^^»^'^^^  '^  constant,  r*  will 
'  »*^K*^^'^^^t!'^i^^°^  ^y  ^^  revolution  of 
fk^J^nliuillik^igii^uU.     This,  for  instance, 


ia(ai«S>^M«i^^|l^;|y^^£f  phte  irooi  the  oir. 


•$Wi^W^^^'^^*^t^^^t^*^on'  AB,  from  the 

^ 4$*^^j^*^^]p^^'^4l*^^^^  section  AB. 

' 'M^'^'^'^^^^'^^''°^  "^  ^''^  weights 

^^e£g^^r^^36Sa^pg-8trun  at  AB,  and 

^^^l^StSsame  section.    Taking 

^^t^flB^itra]  axis  of  the  section 

i:^:^:n^d)ng  moments  of  the 

id^ifl't^^i^t  of  a  single  weight 

'  j:' 

*         *  =S^£^I=#  (77) 

^^TM='*Sg4«ia#^^«I*4e44&!^'From  eqs.  46  and  77, 

"  #^^^-  (78) 

S&^J«i^^,J5ei|:(,^^^I,_^0|§epth  of  the  girder,  and 


^  ^^^uid  bottom,  in  which 
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109.  HoUd  roiuMl  seHd-ylrdeni. — From  eqs.  48  and  77, 

W  =  ^  (79, 

where  r  =:  the  radius,  and  /  =  the  unit-strain  in  the  extreme  fibres 
at  top  and  bottom,  in  which  case  e  ^  r. 

108.  Hollow  roand  sentl-irlrdera  of  luitfomi  thlcloiemi. — 

From  eqs.  49  and  77, 

W  =  g(r«-V)  (80) 

in  which  r  represents  the  external,  and  r^  the  internal  radius,  and 
/  =  the  unit-strain  in  the  extreme  fibres  at  top  and  bottom.  If, 
moreover,  the  thickness,  t,  is  inconsiderable  compared  with  the 
radius,  we  have  from  eqs.  50  and  77, 

W  =  ?^'  (81) 

100.  Flanged  seml-ylrders  or  reetenviilar  tabe0»  toklnir 
the  web  Into  aeeoant. — From  eqs.  56  and  77, 

^  =  cT{('''+t)v  +  (««+tK'}  ^«^> 

where  a^  =  the  net  area  of  the  top  flange, 
a,  =  the  area  of  the  bottom  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis, 
/ij  =  the  distance  of  the  top  flange  above  the  neutral  axis, 
A,  =  the  distance  of  the  bottom  flange  below  the  neutral  axis, 
/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If  the  flanges  are  equal  and  if /=  the  unit-strain  in  either  flange, 
in  which  case  c  =  ^,  we  have  from  eqs.  57  and  77, 

W  =  ?f (a  +  I')  (83) 

where  a  =  the  area  of  either  flange, 
a'  =  the  area  of  the  web, 
d  zz  the  depth  of  the  web. 

110.  nan  of  0oUd  reetanirBl*r  oemKflrder  of  nnllbrm 


i 


—  ^.^A^iu^y^^)  ^6  breadth  be  uni- 

^"^i;i^»feit^»«§fi^Dffi:of  the  prder  will  be 
■  - '  •»•  •*'  •»•  •»'  •*•  •*• 

^ikUCcKCwdteabs^  of  a  solid  rouod  semi- 
>5-  *  :*>&.*^'. 

'*'»*-'^««..ft.„ 

.  _     _    -^j^j»^  and  the  semi-girder 

*'  a  semi-cubic  parabola 

I. — From 
PJff^/Sl^f  a  thin  rouDd  tube, 

■  -ft. .«.  .ft.  -S"  ^^ift. .«. 

t^-^mW^^'WrMv  p.    Henoe,  if  (  be 

t2g!^5ai;^)<^n||t'>g^h{i^^|)t)on8  loaded  uniformtf 
'1«E^I^k^^^^^'pcc||e;i^ndiDg  values  of  W  in 


Wi 
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ipi|'l&^B^llifJ|*^^\9fiEpTH   ENDS   AND   LOADED 

■■•£•     -         ''•S^SU&"'^ffi^|^   POINT. 


^%he  girder  into  eegments 
m  and  n  linear  units, 
the  girder, 
i^roBs  section  A  B  from  that 

.,_.,_„  ^Jei^hich  is  remote  from  W, 

^^t^^^j*^*^*^"^"*^  o^  t^B  section  A  B. 

't^£i^4f^fS*l^NBi^on  of  the  left  abutment  = 
£^taSeI^Irill<iuilibrium  by  this  reacUon, 

^^ri^tal  elastic  forces  developed 
/A»)^&ita  of  all  these  forces  round 

(84) 

_  ime  fibres  at  top  or  bottom, 

b8k)i|^'||'^4l'^^'^  the  neutral  axis,  and  we 
^egsngth  of  each  class  of  girder. 


Si^St»»i^initni:aSat  the  centre  of  thegprder, 


(8«) 
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lie.  9aU4  rowid  ylrden.'— From  eqs.  48  and  84, 

W  =  !^  (87, 

in  which  r  =  the  radius. 

If  both  the  weight  and  cross  section  are  at  the  centre, 

W  =  ^  (88) 

119.  HoUow  romd  girders  of  aninirin  thiekncM. — From 
eqs.  49  and  84, 

where  r  and  r^  represent  the  external  and  internal  radii. 
If  both  the  weight  and  cross  section  are  at  the  centre, 

W=^(r«-V)  (<J0) 

If  the  thickness,  ^  is  inconsiderable  compared  with  the  radius,  we 
have  from  eqs.  50  and  84, 

W  =  *^'  (91) 

nx 

If,  moreover,  the  weight  and  cross  section  are  at  the  centre, 

W  =  1^*      .  (92) 

Bz.  A  ojlindrical  tube  of  riveted  boiler-plate,  0*095  inch  thick,  27  feet  long  between 
■appoiti,  24*2  indies  diameter,  and  weighing  0*4296  tons,  was  torn  through  a  riveted 
joint  In  the  bottom  by  a  weight  of  4*857  tons  at  the  centre  (Clark,  p.  92).  What  was 
the  tearing-strain  per  sqnare  inch  in  the  bottom  plate  ? 

Here,    W  :=  4*867 +  0*21475  =  5072  tons, 
2  =  27  feet, 
r  =  12*1  inch, 
t  =  0-095  mch. 

WZ               5*072  X  27  X  12 
An»wer  (eq.  92).  /=  jjj^  = ^ =  94  tons. 

4X3-1416Xr2T|X0095 


118.  FlMiscd  si>^«r0  or  reetanirvlar  tsbes^  taklnff  the  web 

mU — From  eqs.  56  and  84, 
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where  ay  =  the  area  of  the  upper  flange, 

Og  =  the  net  area  of  the  lower  flange, 

a,  =  the  area  of  the  web  above  the  neutral  axis, 

^4  =  the  area  of  the  web  below  the  neutral  axis, 

hi  =  the  height  of  the  web  above  the  neutral  axis, 

A3  =  the  height  of  the  web  below  the  neutral  axis, 

/  =  the  unit-stnun  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

Ex.  What  IB  the  xmit-strain  of  oampresmon  in  the  upper  flange  at  the  centre  of  the 
girder  deBcribed  in  Ex.  2  (89),  supposing  the  web  taken  into  account?  From  a 
full-sized  card-board  section  of  the  girder  it  appears  that  the  centre  of  gravity,  that 
is,  the  neutral  axis  of  the  section,  (66),  is  3 '57  inches  below  the  intersection  of  the 
upper  flange  vdth  the  web,  and  we  have, 

a|  =  0*72  square  inches, 
a,  =  4*4  square  inches, 
a,  =  3*57  X  *266  =  *95  square  inches, 
a^  =  0*585  X  *266  s  '156  square  inches, 
Ai  =  3*57  inches, 
A,  =s  0*585  inches, 
e  =  8'57  inches, 
2  =  57  inches, 

I, 
"  =  *=2' 
W  =  18  tons  at  the  centre. 

From eq. 98.,    18  tons  =  3:5^3^  {  (  72  +  ~) X(3-57)+  (  44  +  il?) x(-585*)  J 

Solving  this  equation  for  the  unit-strain  in  the  compression  flange,  we  have^ 

Annoer.    /'=  61  '5  tons  per  square  inch. 
Comparing  this  with  Ex.  2  (33),  we  see  that  taking  the  web  into  account  has 
reduced  the  inch-strain  in  the  compression  flange  from  69*5  to  61*5  tons,  or  8  tons 
per  square  inch. 

If  the  flanges  are  equal  and/=  the  unit-strain  in  either  flange,  we 
have  from  eqs.  57  and  84, 

in  which  a  =  the  area  of  either  flange, 

a'  =  the  area  of  the  web, 

d  =  the  depth  from  centre  to  centre  of  flange. 
If,  moreover,  the  weight  and  cross  section  are  at  the  centre. 


W 


='41»+l')  w 


.■i'>||^^i(|i'#'§>j|jfj 


■i'>||i^^8||i'#'||>:|;i^i<l8tfoi». 


Brtracth. 

the  extreme 


...^.]^S^tt*&'_  -  |^if>  /  "  proportional, 
^  constBDt.  Hence, 
in0  depth,  d,  is  uniform, 
— J  Hll  vary  as  j:,  and  the 
^^  of  the  girder  will  be 
Wa^^riangles  j  oined  at  their 
^fe^.  Fig.  40. 

»-,j™r„.^^J^«fii°*^*<^S^itt5Siiik,  the  breadth  be  uni- 
li^^i^^^S^SS=i£i^"|:^-^-^,  <i»  will  vary  u  «, 
|;4^d  if  the  top  of  the 
>:^|cder  is  horizontal,  the 
>~4^tom  will  be  bounded 
C^'two  parabolas  which 
P^39Ei£^$^(fi^ift!msis!ontal  axes  and  thw 

imgib. — From  eq.  87, 
round  girder, 


E£)^)|>^?Ssr||**^*tf§^^^^4B>r''>  ■">d  the  girder  will 
^SiBbifllans^S^S^^hqE  IB     each  spindle  being 

•I^5:^m*|p^^iili4gla  round  its  axis. 

i^r|^^df^^^tr«i|:di.— From  eq. 

^i|M'®Si:R¥<I^S*fi-'^Si'^«tin  hollow  cylinder, 
^r^ig*  .^»^»  .gs-.jj^  .jjf.  ^i. .«.  ^^  .jj.  .jj. 

^....«.....  _=,  -JJy  -r.   to  which  /  is 
^EDl^iA^^4<^Sii«j^eg3  uniform,  r*  wdl  vary 
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0>  B^T^y  Gpi^jiSfaS)'  two  hollow  spindles  joined 

—  ^"^t9k'alWHB<H|^'Stated  by  the  rerolu^on  of 

l^^SamEaHiatance,  is  the  fonn  which 

^        _jW9fllji09nspH  should  theoretically  have, 

JK^Ji^JI  Sf^i^t^pMpice  from  its  greater  (adlity 

'l9i^^fkHk|liSO^0»>  or  stdld  rectMK«l«r 

ji|^g^S(vMtfll]l^l>C|h  la  eoBstant.— If  W  be 

>?'55*^y*lB  Tfi^SS^?'  fj^*"  ^'^  ^"'^^  point  will  occur 
-^S'*BO'j^f  H>'m  G^-'^Sj^B  >*^  greatest  value  when 
''"^V'tt'fxitS^ii^Riil^H'"''^^'''^*'^  "*  ^''^  extreme 

"""        ""'^IM  (96) 

l^'ll*'^£^^^^H'^^'»>  f^  ^i^  ^  ^  constant 
£.  '4&  •jjjfc  ^£*2*  ;si;  ss;  "s^      ^" 

Jk^K^^^  W7  <u  the  rectangle  under  the 
^'l!i;S^''^>^'s'*§**§"^  segments;  hence,  the  plan 
of  the  girder,  if  symmetri- 
cal, will  be  bounded  by 
two  overlapping  parabolas 
whose  vertices  are  at  A  A, 
Fig.  42.    If,  however,  the 
[  breadth  be  uniforni,  (f*wiU 
^^ ^  ..^  I^V*^^^'^^  "'•'  •*«  *  semi-ellipse. 


•^'^STiSJk'i^i  aSi'^ii^Sr 


.if;l^ff"«&#^*fiiiif£><'''»- 


..*«« 


17  given  crooa  section 


if  the  section  A  B. 
Lum  are  the  reaction  of 


i;^^?Siu^rtnl;  distributed  aloDg 

[pS^t|^^'a^il  the  horizontal  elaatio 
'^^^^G||}i0Bent8  of  all  these  forces 


(97) 


.s^-*-.»tatwiFii(MSi®;^5^a3^nbre8  at  top  or  bottom 
or  bottom  from  the 
ions  for  the  strength 


(98) 
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From  eqs.  46  and  98, 

W  =  5^'  (99) 


§ 


rnn 


If  the  cross  sectioii  is  at  the  centre,  m  =z  n  :=  ^^  and 


W  =  IS^  (100) 


31 
196.  Solii  reud  «lrden. — From  eqs.  48  and  98, 

W  =  ^  (101) 

in  which  r  =  the  radius. 
If  the  section  is  at  the  centre,  m  =  n  =  -^  and 

W  =  ?5/-  (102) 

V 

199.  Hollow  rooiid  ^trdertf  of  onilbrm  thlekneis. 

Let  r  z=  the  external  radius, 
r^  =  the  internal  radius. 

From  eqs.  49  and  98, 

W  =  £i('-^-V)  (103) 

At  the  centre  of  the  girder  m  =  n  zn  -^  and 

W  =  ?^(r*_V)  (104) 

If  the  thickness,  ^,  is  inconsiderable  in  comparison  with  the  radius, 
we  have  from  eqs.  50  and  98, 

W  =  ^^^  (105) 

If,  moreover,  the  plane  of  section  is  at  the  centre, 

W  =  ^^  (106) 

198.  Flanircd  i^rders  or  reetanyular  tnbes^  toklnir  the 
well  Into  aceooiit. — From  eqs.  56  and  98, 


W  = 


cmn 


{(a.  +  |')A.«+(a,  +  |*)v}         (107) 


neutral  axu, 
neutral  axis. 


mdmmmn 

lSliaBlb'lRVd4i')fi)||tlie  neutral  axis, 
jS.'S^^VI^^ft'TS^'^^  neutral  azia, 
^itf^'lijfilStw***^  distance  from  the 

|rHiw<tS§8l8*:Qa^@ASi^Btnun  in  either  Bange, 


(108) 


:and  the  material  conse- 
ler,  the  unit-Btraiu/ will 

|>v^^  it  b  proportional,  will 
constant.  Hence,  if 
1^  depth,  d,  be  uniform, 
■^Vill  vary  as  tnn,  and  the 
-^«n  of  the  girder,  if  eym- 
■^trical,  will  be  formed 
■^  the  overlap  of  two 
whose  vertices 
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'^P^ij@ri^^Mnfff'ail'lff'QTOl'|>C"*''** — ^'^^  however,  the 
"^'•■^■9»-^Vm*M.'-^''nm^m'^  „  ^breadth  be   uniform,   <? 

I?-  will  vary  as  mn,  and  the 
j' elevation  of  the  girder 
}  will   be   a   semi-eUipse, 
!•  Fig.  46. 
lVM«g|^  ttOTlMnto    AMI    thewy — 

ai.*fct((ik«*-aL«ft.-.as— ,„„,_Xhe    student 

istigated  in  the  present 

ji Sf firB&q  MfMl 8  fttical,  or  nearly  identical, 

^w^^^^^t^^'''^^^^^'*"^  semi-girder,  calculated 

""  "*    ']e.eBjjri^i^%reaking  weight  calculated 

^^nJsiitA^lete,  this  would  no  doubt 

£^prs^0S^^*'^£^'3^^^  compare  these  two  equa- 

^lar  girders  of  any  given 

Utimate  tearing  or  (Tushing 

^yields  by  tearing  or  cruah- 

i  will  be  found  to  be  far 

w!of  S  for  email  rectangular 

0  this,  =  20*4  tons,  far 

Hat-iron,  which  is  about  7  or 
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reaction  of  the  horizontal  fibres  has  been  passed,  and  gives  some 
reasons  for  this  hypothesis  derived  from  experiments  on  cast-iron, 
in  his  Experimental  researches  on  the  strength  of  Cast-iron,  p.  384. 
This  seems  a  plausible  hypothesis,  for  if  the  neutral  axis  of  a  solid 
rectangular  cast-iron  girder  approach  its  compressed  edge  as  the 
weight  increases,  and  after  the  limit  of  tensile  elasticity  has  been 
passed  by  the  fibres  along  the  extended  edge,  we  shall  have  a  larger 
proportion  than  one-half  the  girder  subject  to  tensiou,  and  conse- 
quently  the  total  horizontal  tensile  strain  may  exceed  that  derived 
from  our  theory,  which  assumes  that  the  neutral  axis  always  passes 
through  the  centre  of  gravity  of'  the  cross  section  (6§).  Mr. 
Hodgkinson  concludes  from  his  experiments  that  the  neutral  axis 
of  a  rectangular  girder  of  cast-iron  divides  the  depth  in  the  pro- 
portion of  f  or  I  at  the  time  of  fracture,  that  is,  that  the  compressed 
section  is  to  the  extended  section  nearly  in  the  inverse  proportion 
of  the  compressive  to  the  tensile  strength  of  the  material.  This 
view  is  corroborated  by  ex])eriments  made  by  Duhamel,*  who  found 
that  sawing  through  the  middle  of  small  timber  girders  to  |ths  of 
their  depth  from  the  upper  or  compression  surface,  and  inserting  a 
thin  hardwood  wedge  in  the  gap,  did  not  diminish  their  ultimate 
strength,  and  also  by  similar  experiments  made  by  the  elder 
Barlow,t  which  seem  to  indicate  that  the  neutral  axis  in  rectangular 
girders  of  timber  is  very  nearly  at  f  ths  of  the  depth,  and  in  rec- 
tangular bars  of  wrought-iron  at  about  ^th  of  the  depth  from  the 
compressed  surface  at  the  time  of  fracture. 

Mr.  W.  H.  Barlow,  however,  controverts  Mr.  Hodgkinson^s 
conclusions  in  two  papers  which  will  be  found  at  page  225  of  the 
Philosophical  Transactions  for  1855,  and  at  page  463  of  the 
Transactions  for  1857.  In  the  former  of  these  papers  Mr.  Barlow 
gives  the  results  of  micrometrical  measurements  on  two  cast-iron 
rectangular  girders,  each  7  feet  long,  6  inches  deep  and  2  inches 
thick,  which  he  subjected  to  transverse  strain ;  his  inference  from 
these  experiments  is  that  the  neutral  axis  does  not  shifl  its  position, 
and  thb  view  seems  in  accordance  with  experiments  made  long  ago 
by  Sir  D.  Brewster  who  transmitted  polarized  light  through  a  little 

*  Morm,  p.  120.  f  Strength  of  MaienaU,  pp.  126, 133. 
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rectangular  glass  girder  6  inches  long,  1*5  inch  broad,  and  0*28  inch 
thick ;  when  this  was  bent  by  transverse  pressure,  the  neutral  surface 
remained  in  the  centre,  and  colours  due  to  strain  were  developed 
above  and  below  it  in  curved  lines,  which  may  perhaps  aid  the 
physicist  in  investigating  the  strains  in  continuous  webs*  Unless, 
however,  the  tensile  and  compressive  elastidties  of  glass  are 
materially  different  near  the  point  of  rupture,  as  they  are  in  cast- 
iron  when  approaching  its  limit  of  tensile  strength,  this  experi- 
ment does  not  throw  much  light  on  the  subject  The  whole 
question,  it  must  be  confessed,  is  one  of  great  difficulty,  and  may 
require  numerous  experiments  before  it  can  be  satisfactorily  solved. 
One  practical  inference,  however,  is  of  great  importance,  namely,  that 
the  tearing  and  crushing  strengths  of  materials  derived  from  eaperi- 
ments  on  the  transverse  strength  of  solid  girders  are  often  erroneous^ 
and  have  even  led  astray  men  of  such  capacity  as  Tredgold. 

189.  Transverse  streni^th  of  thick  easttnys  moeh  less 
than  that  of  thin  eastlni^. — In  some  experiments  made  by 
Captain  (now  Colonel  Sir  Henry)  James,  as  a  member  of  the 
Boyal  Commission  for  inquiring  into  the  application  of  iron  to 
railway  structures,  it  was  found  that  the  central  part  of  bars  of 
iron  planed  was  much  weaker  to  bear  a  transverse  strain  than  bars 
cast  of  the  same  size.f  He  states  that  "it  was  found  by  planing 
out  }-inch  bars  from  the  centre  of  2-inch  square  and  3-inch  square 
bars,  that  the  central  portion  was  little  more  than  half  the  sti*ength  • 
of  that  from  an  inch  bar,  the  relation  being  as  7  to  12.*'  In  page 
111  of  the  same  report,  Mr.  Hodgkinson  showed  that  rectangular 
bars  of  cast-iron,  cast  1,  2,  and  3  inches  square,  laid  upon  supports 
4^  feet,  9  feet,  and  13^  feet  asunder,  were  broken  by  weights  of 
447  ibs.,  1394  lbs.,  and  3043  Ifos.  respectively.  These  weights, 
divided  by  the  squares  of  the  lengths,  should  give  equal  results ;  the 
quotients,  however,  were  as  447,  349,  and  338  respectively.  Mr. 
Hodgkinson  attributed  this  falling  off  and  deviation  from  theory 
partly  to  the  defect  of  elasticity,  which  he  had  always  found  in 
cast-iron,  but  principally  to  the  superior  hardness  of  the  smaller 
castings.} 

♦  EneycL,  Metrop ,  Art,  Light  par.  1090.        t  Ir<m  Report,  1849,  App.  B.,  p.  250. 

tPhU.  Trant.^  1867,  p.  8t)7. 
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DefiniUofu. 

1S4.  Braee. — The  tenn  Brace  includes  both  struts  and  ties. 

185.  A|iex. — The  intersection  of  a  brace  with  either  flange  is 
called  an  Apex. 

186.  Bay. — The  portion  of  a  flange  between  two  adjacent  apices 
is  called  a  Bay. 

187.  Coonterliraced  braee. — A  brace  is  said  to  be  coutUerbraced 
when  it  is  capable  of  acting  either  as  a  strut  or  as  a  tie. 

188.  Comterliraeed  sirder. — ^A  girder  is  said  to  be  counter- 
braced  when  it  is  rendered  capable  of  supporting  a  moving  load. 
This  may  be  effected  either  by  counterbracing  the  existing  braces, 
or  by  adding  others. 

189.  SyaiboU. — The  symbol  +,  placed  before  a  number  which 
represents  a  strain,  signifies  that  the  strain  is  compressive;  the 
symbol  — ,  signifies  that  the  strain  is  tensile. 

Axioms. 

140.  TTie  strain  in  each  brace  or  bay  is  uniform  throughout  its 
length  and  acts  in  the  direction  of  the  length  only.  This  will  be 
obvious  if  we  consider  a  braced  girder  to  be  an  assemblage  or 
framework  of  straight  bars  connected  with  each  other  by  pins 
passing  through  their  extremities  merely. 

141.  A  brace  cannot  undergo  tension  and  compression  simul- 
taneously. 

148.  If  several  weights^  acting  one  at  a  time^  produce  in  any  braee 
strains  of  the  same  kindy  either  all  tensile  or  all  compressive^  the 
strain  produced  by  aU  these  weights  acting  together  will  equal  in 
amount  the  sum  of  those  produced  by  each  weight  acting  separately. 

148.  If  several  weights^  cutting  one  at  a  time^  produce  in  any  brace 
strains  of  different  kindsy  some  tensile^  some  compressive^  the  strain 
resulting  from  all  these  weights  acting  together  will  equal  the  algebraic 
sum  of  all  the  strains;  in  other  words,  their  resultant  will  equal  the 
difference  between  the  sum  of  the  tensile  and  the  sum  of  the  compressive 
strains. 

144.  A  uniformly  distributed  load  may  without  sensible  error  be 
assumed  to  be  grouped  into  weights  resting  on  the  apices^  each  apex 
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their  relative  amounts  may  therefore  be  represented  by  the  sides  of 
the  triangle  abc  (9).  Hence,  the  tension  in  the  first  bay  of  the 
upper  flange  is  to  W  as  ac  is  to  c&,  that  is,  F  =  WtonO,  and  the 
compression  in  the  first  diagonal  is  to  W  as  a6  is  to  ofr,  that  is, 
2  =  yNsecO.  The  tension  of  od  is  transmitted  throughout  the  upper 
flange  to  its  connexion  with  the  abutment,  but  the  compression  in 
diagonal  1  is  resolved  at  b  into  its  components  in  the  directions  of 
diagonal  2  and  the  lower  flange,  producing  tension  in  the  former  and 
compression  in  the  latter.  Thus,  there  are  three  forces  in  equilibrium 
meedng  at  b,  and  their  relative  amounts  may  be  represented  to  the 
same  scale  as  before  by  the  sides  of  the  triangle  edb ;  whence,  the 
tension  in  diagonal  2  equals  the  compression  in  diagonal  1,  and 
the  compression  in  the  first  bay  of  the  lower  flange  equals  twice 
the  tension  in  the  first  bay  of  the  upper  flange,  =  2Wtonfl. 

In  this  way  it  may  be  shown  that  all  the  diagonals  are  strained 
equally,  but  by  forces  alternately  tensile  and  compressive,  while  the 
flanges  receive  at  each  apex  equal  increments  of  strain  each  equal 
to  2W/an0.  The  general  formulae  for  the  strain  in  any  diagonal  is 
therefore 

2  =  Ww(;e  (110) 

Ex.  If  e  =  45%  tece  =  1-414,  and  we  have  2  =  1-414  W.» 

146.  FlaDi;es. — Since  the  flanges  receive  at  each  apex  successive 
increments  of  strain,  each  equal  to  2Wtond,  the  resultant  strains 
in  the  successive  bays,  being  the  sum  of  these  successive  increments, 
increase  as  they  approach  the  abutment  in  an  arithmetic  progression 
whose  difference  =  2WtonO ;  they  are,  therefore,  for  any  given  bay 
proportional  to  the  number  of  diagonals  between  it  and  the  load, 
and  we  have, 

F  =  nWtone  (111) 

where  n  represents  the  number  of  diagonals  between  the  centre  of 
any  given  bay  and  the  weight  (80). 

Ex.  In  the  last  bay  of  the  upper  flange  of  Fig.  48,  n  ^  7,  and  if  9  =  45^  tanB  s  1, 
and  we  have  F  =  7W. 

*  See  the  table  in  Chap.  xi.  for  the  numerical  values  of  the  tangents  and  secants  of 
different  angles. 
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148.  Well. — Let  W  =  the  weight  of  so  much  of  the  load  as 

covers  one  bay,  t.«.,  the  weight  resting 

on  each  apex  of  the  loaded  flange  (144), 
n  =  the  number  of  these  weights  between 

any  given  diagonal  and  the  outer  end 

of  the  girder, 

2  =  the  strain  in  the  given  diagonal, 

F  =  the  strain  in  any  bay  of  either  flange, 

0  =  the  angle  which  the  diagonals  make  with 
a  vertical  line. 

W 

The  weight  on  the  apex  farthest  from  the  abutment  equals  — , 

since  it  is  assumed  to  support  the  load  spread  over  the  outer  half  bay, 
while  the  load  spread  over  the  half  bay  next  the  abutment  is  assumed 
to  rest  on  the  apex  in  contact  with  the  abutment  and  may  therefore 
be  neglected.  If  each  weight  be  supposed  acting  alone,  it  would, 
as  in  Case  I.,  produce  strains  of  equal  amount,  but  of  opposite  kinds, 
in  each  diagonal  between  its  point  of  application  and  the  abutment, 
without  affecting  that  part  of  the  girder  which  lies  outside  it;  con- 
sequently, when  the  whole  load  is  applied,  each  diagonal  sustains 
the  sum  of  the  strains  produced  by  the  several  weights  which  occur 
between  it  and  the  outer  end  of  the  girder  (9S»  148)  and  we  have 

S  =  n\Nsece  (112) 

Ex.  The  value  of  n  for  diagonal  5  ii  24 ;  if  0  =  45^  iec9  =  1*414,  and  we  have 
3  =  8-685  W. 

149.  mralBS  b.  Inter»eetfnff  illago»alii.-When  the  apex  of 
any  pair  of  diagonals  supports  a  weight,  W,  the  strain  in  that 
diagonal  which  is  nearer  the  abutment  exceeds  that  in  the  more 
remote  by  W«6C0.  But  when  an  apex  does  not  support  a  weight 
(those,  for  instance,  in  the  lower  flange  of  Fig.  49),  the  strains  in 
the  two  diagonals  are  equal  in  amount  but  of  opposite  kinds. 

150.  Increments  of  strain  In  flanges. — In  the  case  of  semi- 
girders  loaded  uniformly,  the  inGremenU  of  strain  at  the  apices 
increase  as  they  approach  the  wall  in  an  arithmetic  ratio  whose 
difierence  =:  2Wtan0,  and  the  resultant  strains  in  each  bay  conse- 
quently increase  in  a  much  more  rapid  ratio,  viz.,  as  the  square  of 
their  distance  from  the  outer  end  of  the  girder  (see  eq.  11). 
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deflecting  in  the  plane  oF  the  girder.  Again,  if  the  force  requisite 
to  resist  the  tendency  of  a  strut  to  deflect  at  right  angles  to  the  plane 
of  the  girder  were  supplied  altogether  by  a  tension  brace,  the  longi- 
tudinal strain  in  that  brace  would  equal  the  weight  on  the  strut,  but 
it  does  not  follow  that  this  strain  is  developed  in  the  tension  brace. 
In  fiict,  the  force  with  which  the  ends  of  the  tension  brace  are  pulled 
asunder  b  practically  independent  of  the  strut,  for  the  increase  in 
the  stndn  on  the  tension  brace  is  only  due  to  the  diflerence  between 
the  lengths  be  and  de.  These  considerations  show  that  a  mode- 
rate lateral  force  will  keep  a  long  pillar  from  bending,  and  the 
apprehension  of  long  compression  bars  yielding  by  flexure  in  the 
plane  of  the  girder,  or  producing  undue  strains  in  the  tension  bars, 
need  not  deter  us  from  applying  lattice  bracing  to  girders  exceeding 
in  length  any  girder  bridge  hitherto  constructed.  They  also 
explain  the  otherwise  anomalous  strength  and  rigidity  of  plate 
^rders  and  lattice  girders  whose  webs  are  formed  merely  of  thin 
plates  or  thin  bars.  Such  modes  of  construction  are,  however, 
more  or  less  defective.  The  struts  should  be  formed  of  angle,  T> 
or  channel  iron,  or  the  material  should  be  thrown  into  some  other 
form  than  that  of  a  thin  bar,  which  is  quite  unsuitable  for  resisting 
flexure  at  right  angles  to  the  plane  of  the  web.  A  very  effective 
method  of  stiffening  thin  compression  bars  has  been  applied  to 
tubular  lattice  ^rders.  It  consists  of  a  species  of  light  internal 
cross-bracing  between  the  opposite  compression  bars  of  the  double 
web;  this  stiffens  them  at  right  angles  to  the  plane  of  the  web, 
while  the  tension  braces  keep  them  from  deflecting  in  the  plane  of 
the  web  (see  Plate  lY.) 

IM.  Holtliile  and  slniple  trianfiilatlon  compared — Lattice 
flcial-slrders  loaded  onllbrmly. — The  effect  of  latticing,  com- 
pared with  a  single  system  of  triangulation,  is,  as  far  as  theory  is 
concerned,  merely  to  distribute  the  load  over  a  greater  number  of 
apices,  and  consequentiy  to  reduce  the  strain  in  each  of  the  original 
diagonals  in  proportion  to  the  increased  number  of  systems ;  for, 
since  the  several  systems  are,  as  we  have  just  seen,  practically  inde- 
pendent of  each  other,  each  diagonal  sustains  the  strain  due  to  those 
weights  alone  which  are  supported  on  the  apices  of  the  system  to 
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On  the  principle  of  the  lever  (10),  the  reaction  of  the  right 

abutment  =  yW,  and  that  of  the  left  abutment  =  -W.    Since  the 

flanges  are  capable  of  transmitting  strains  in  the  direction  of 
their  length  only  (140),  they  cannot  transfer  vertical  pressures 

to  the  abutments ;  yW  must  therefore  be  transmitted  through  the 

diagonals  on  the  right  side  of  W  to  the  right  abutment,  while 

^W  pass  through  the  diagonals  on  the  left  side  of  W  to  the  left 

abutment.  These  quantities  are  in  .fact  the  shearing-strains 
described  in  S4,  that  is,  they  are  the  vertical  components  of  the 
stndns  in  the  diagonals  of  each  segment.  The  actual  strain  in  any 
diagonal  is  to  its  vertical  component  as  the  length  of  the  diagonal 
is  to  the  depth  of  the  girder,  or,  calling  the  angle  of  inclination  of 
a  diagonal  to  a  vertical  line  6,  we  have  the  strain  in  each  diagonal 
in  the  right  segment, 

2  =  yWMce  (115) 

in  the  left  segment, 

2=?-Wwc9  (116) 

The  diagonals  which  intersect  at  the  weight  are  both  subject  to  the 
same  kind  of  strain,  while  the  strains  in  the  diagonals  of  each  segment 
are  alternately  tensile  and  compressive.  If  the  weight  be  at  the 
centre  of  the  girder  all  the  diagonals  will  be  equally  strained. 

157.  FlanireA. — The  tensile  strain  in  the  second  diagonal,  cd, 
is  resolved  at  c  into  its  components  in  the  directions  of  the  top 

flange  and  the   first  diagonal.      The  former  =  -yWton9,  and  is 

transmitted  throughout  the  flange  as  far  as  W,  receiving  at  the 
intervening  apices  successive  increments  of  strain  each  equal  to 

-j^NianB.    At  W  these  horizontal  strains  are  met  and  balanced  by 

a  similar  series  of  horizontal  increments  developed  at  each  apex  to 
the  right  of  W  and  acting  in  the  opposite  direction  to  the  first  series. 
The  stndns  in  the  lower  flange  may  be  found  in  a  similar  manner, 
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for  the  thrust  of  the  first  diagonal,  ac,  is  resolved  at  a  into  a  vertical 

pressure  on  the  abutment,  =  j^*  cind  a  horizontal  tensile  strain 

in  the  lower  flange  which  acts  as  a  tie.  As  these  three  forces  which 
meet  at  a  balance,  their  relative  amounts  may  be  represented  by  the 
sides  of  the  dotted  triangle  abc\  hence,  the  horizontal  strain  in 

the  first  bay  of  the  lower  flange  =  jWton9,  which  is  transmitted 

throughout  the  flange  as  &r  as  the  bay  underneath  W,  receiving 
at  each  intervening  apex   successive  increments  each  equal  to 

-y-WtonO.    Beneath  W  these  strains  are  met  and  balanced  by  the 

reverse  series  generated  at  the  several  apices  in  the  right  segment. 
The  resultant  strain  in  any  bay  of  either  flange  equals  the  sum 
of  the  increments  generated  at  the  several  apices  between  it 
and  the  abutment  of  the  segment  in  which  it  occurs.    If  the  bay 
be  in  the  right  segment  and  x  be  measured  from  the  right  abutment, 

F  =  "^ViftanO  (IIT) 

If  the  bay  be  in  the  left  segment  and  a  be  measured  from  the  left 
abutment, 

F  =  yWtenfl  (118) 

The  maximum  strains  in  the  flanges  occur  at  Wand  are  represented 
by  the  equation 

F  =  ?^?Wto«0  (119) 

Ex.— 43ee  Fig.  52. 

Let  e  =  80«, 
Z  =  8, 
m  =  5*5, 
n  =  2-6, 
9ee9  =  1154, 
tan9  =  0-577. 
From  eqs.  115  and  116,  the  strains  in  each  diagonal  of  the  right  segment  =  0*7934  W, 
and  those  in  each  diagonal  of  the  left  segment  ==  0*8606  W.    From  eq.  118  the  com- 
presdve  strain  in  bay  A  =  1'4425  W,  and  the  tensile  strain  in  bay  B  =  1*9884  W. 

159.  Coneentraled  rolUnv  load. — If  the  weight  be  a  roUing 


m^utQ. 


i^a'^^.^ift^iig  to  ite  position, 
"■'*^**^ier»a,  as  it  passes  each 


load,  the  maximum 

'reight  ia  passing  its 

^       en  paasing  the  adjoin- 

S*^'^a2||Va^^^?|0'3(>pe8  downwards.     If 

B^tS&A'WfMlw^S^SfiSs  ^^  lower  end,  and 
^tS^'^'t^^^'ttl^  ^^  adjoinbg  apex 
'*  tt  B^^fpBvSaB"^-  "^^^  maximum 
■"""■■^'"^      @!^'ifiaflr9  when  the  moving 


^ItBvinifS^ilF  l»y>  aa  may  b 


lpil^J(.'42ll9I^V^iBda|ieir  maximum  when 

'WlS:»^^b4ldt^?Aiii!Se^n  in  aaj  bay  of  the 

6'?ie'Wt^P'^^'^§««to  on  the  adjoinbg 

,.  ..w-  ..  ^^-'^^j^^Ct  mn,  in  eq.  119,  is 

^~— ~-^„i*J3WeS^ex  on  the  side  remote 
ijC  ^.  «jjt.  «ji[.^jj[.  .jgii  ;_; 

^l^^Se^^^^vfliBKl'  load,— In  this 

b^^f$i^l||!^ulated  by  eqs.   115 

®l^|*i«^48'**'*^o'"  wfi"^  deduced 

—  -w-.w-'?"'^:*^!^"'^  "'^  ***  observed 

l{gn^!^4^A/!i^A«@ipB:,  which,  however,  is 
Ih'^N^'S'^^So^^  adjacent  apices   are 

.g. "»"  ;g:'**  •»■  '«•  •»• 

-^^P^i^^^^^^'^^^^1^^^-^^^-^^^    ^^™    LOADED 
.g<r  -^.  ,jjj.  ,jjj,  ,j^-  ,|«.  ,jj^  ^ilFm*J^.'»'  •»' 


-JJ.  -JJ.  .j[.  -JJ.  . Jif.  -jj.  -Jij.  -Jij.  ^.  <^.  .^.  .4. 


100  GIRDERS  WITH   PARALLEL  TLANGES  [CHAP.  V. 

160.  Web. — ^Let  W  =  the  weight  of  so  much  of  the  load  as 

covers  one  bay,  t.€.,  the  weight  resting 
on  each  apex  of  the  loaded  flange, 
I  =  the  number  of  bays  in  the  span, 
n  z=  the  numberof  weights  between  any  given 
diagonal  and  the  centre  of  the  girder, 
2  =  the  strain  in  the  given  diagonal, 
F  =  the  strain  in  any  bay  of  either  flange, 
0  =z  the  angle  which   the  diagonals  make 
with  a  vertical  line. 
If  the  load  be  uniformly  distributed  so  that  an  equal  weight  rests 
upon  each  apex,  the  strains  in  the  diagonals  gradually  increase  from 
the  centre  toward  the  ends.     Any  two  diagonals  equally  distant 
from  the  centre  sustain  all  the  intermediate  load.    If  they  are  tension 
diagonals,  the  weight  is  suspended  as  it  were  between  them;  if 
they  are  compression  diagonals  it  is  supported  by  them  as  oblique 
props.   Each  diagonal  conveys,  therefore,  to  the  abutment  the  pres- 
sure of  the  weights  between  it  and  the  centre,  and  the  sum  of  these 
weights  constitutes  its  vertical  component  or  shearing-strain  (46). 
Hence,  we  have  for  a  uniform  load, 

S  =  nVfsece  (120) 

161.  FlanyeHBtrains  derived  ft*oiii  a  diaipraiii. — The  strain 
in  the  flanges  may  be  derived  from  the  law  stated  in  159  by  the 
aid  of  a  rough  diagram,  as  explained  in  the  following  example: — 

Ex.  1 .  Let  Fig.  54  represent  one-half  of  a  girder  80  feet  long,  with  the  bradng 
formed  of  8  equilateral  triangles,  and  supporting  a  uniform  load  of  half  a  ton  per 
running  foot.    From  these  data  we  have 

W  =  6  tons, 
0  =  30% 
«  =  8, 
tane  =  0-677, 
«e6tsll64, 
Wtontfs  2*886  tons, 
WMc9=r  6-770  tons. 
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would  produce  if  acting  separately,  and  then  taking  as  the  resultant 
stndn  from  all  acting  together  the  sum  or  difference  of  the  tabu- 
lated strains,  according  as  they  are  of  the  same  or  opposite  kinds. 
Thus,  diagonal  4,  Fig.  53,  is  subject  to  compressive  stndns  from  all 
the  weights  except  the  first ;  the  resultant  stndn  is  therefore  found 
by  subtracting  the  tensile  strain  produced  by  the  first  weight  from 
the  sum  of  the  compressive  strains  produced  by  the  remaining  six 
weights  (148).  This  method,  as  applied  to  the  first  example  in  161, 
is  exhibited  in  the  annexed  table,  the  numerals  in  the  first  column 
of  which  represent  the  diagonals,  and  the  letters  in  the  upper  row 
the  weights,  in  order  of  position.  The  numbers  found  at  the  inter- 
section of  a  diagonal  with  a  weight  represent  in  tons  the  strain 
produced  in  that  diagonal  by  the  weight  in  question  (see  eq.  115). 
The  last  column  contidns  the  strains  which  the  load  produces  when 
distributed  uniformly  all  over.  These  are  obtained  by  adding 
algebraically  the  several  horizontal  rows,  and  the  strains  thus 
obtained  should  agree  with  those  derived  from  eq.  120. 


j 

Strains  In 

1 

Wi 

W« 

W» 

W4 

Wft 

We 

W» 

diagonals  doe 
toa 

i 

nniform  load. 

Toni. 

Tona. 

Tona. 

Tons. 

Tonii. 

TODI. 

Tonfl. 

Tona, 

1 

-61 

-4-8 

-8-6 

-  2-9 

-2-2 

-1-4 

-•72 

-20  2 

2 

+  5-1 

+  4-8 

+  8-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+  20-2 

8 

+  0-7 

-4-8 

-8-6 

-2-9 

-2-2 

-1-4 

-■72 

-14-4 

i 

-07 

+  4-8 

+  8-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+  14-4 

6 

+  0-7 

+  1-4 

-8-6 

-2-9 

-2-2 

-1-4 

-•72 

-    8-7 

6 

-0-7 

-1-4 

+  8-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+    8-7 

7 

+  0-7 

+  1-4 

+  2-2 

—  2-9 

-2-2 

-1-4 

-•72 

-    2-9 

8   1 

-0-7 

-1-4 

-2-2 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+    2-9 

It  will  be  observed  that,  when  once  the  strain  produced  by  W^ 
in  diagonal  1  is  obtained,  all  the  other  strains  may  be  derived 
from  it  by  addition. 

16S.  iDcremento  of  strain  in  iianirefi. — The  flanges  receive 
successive  increments  of  strain  at  each  apex  as  they  approach  the 
centre  where  the  maximum  strains  occur.  These  increments 
diminUh  as  they  approach  the  centre  in  an  arithmetic  progression 
whose  difference  =  2Wtoii0.  Hence,  the  strains  in  the  bays 
might  be  expressed  by  an  equation ;  they  may,  however,  be  more 
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conyenientlj  found  by  the  aid  of  a  rough  diagram,  as  already 
described  in  161. 

164.  Stralmi  In  flanges  calculated  hy  momenin. — The  strains 
in  any  given  bay  may  also  be  obtained  by  taking  moments  round 
the  apex  immediately  above  or  below  it.  To  obtain  the  strain  in 
bay  C,  Fig.  53,  for  example,  take  moments  round  the  apex  a.  The 
left  segment  of  the  girder  is  held  in  equilibrium  by  the  reaction  of 
the  left  abutment  (=  17-5  tons),  the  two  first  weights,  W|  and  W,, 
the  horizontal  tension  in  C,  and  the  strains  at  a.  Taking  moments 
round  the  latter  point,  we  have 

Fd  =  17-5  X  2-56  — 5  (1-5  +  05)6, 
where  F  =  the  strain  in  the  flange  at  C\ 
b  =  the  length  of  one  bay, 
d  =  the  depth  of  the  girder. 
If  e  =  45"",  b  =  2d,  and  we  have  F  =  67*5  tons,  as  in  ex.  2,  (161). 

This  method  is,  it  will  be  perceived,  merely  a  modification  of 
that  described  in  48.  It  is  sometimes  convenient  for  checking 
results  obtained  by  the  resolution  of  forces. 

105.  Ctlrder  loaded  nnsymmetrically. — If  the  load  be  distri- 
buted in  an  unsymmetrical  manner,  the  strains  produced  by  each 
weight  acting  separately  should  first  be  tabulated,  and  then  the 
resultant  strains  may  be  obtained  as  indicated  in  168. 

166.  Cilrder  loaded  symmetrically. — If  the  central  part  of  a 
symmetrically  loaded  girder  be  free  from  load,  the  central  braces 
may  be  removed  without  affecting  the  strength  of  the  structure. 
If,  for  example,  the  girder  represented  in  Fig.  53  support  only 
Wj,  W„  We,  Wy,  the  braces  in  the  interval,  5,  6,  7,  8,  8',  7',  6', 
5',  may  be  removed.  If  the  central  weight  alone  be  wanting,  then 
braces  7,  8,  8',  7',  may  be  removed. 

167.  Strains  In  end  diaf^onaUi  and  bays. — When  the  load  is 

symmetrical,  each  of  the  end  diagonals  sustains  a  strain  equal  to 

one-half  the  load  multiplied  by  secO,  and  the  extreme  bays  of  the 

longer  flange  sustain  a  strain  equal  to  one-half  the  load  multiplied 

by  tanO.    Consequently,  when  0  =  45**,  the  strain  in  each  of  these 

extreme  bays  equals  half  the  load. 

16§.  PItralns  In  Interseetlnir  dlaffonals — General  law  of 
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The  strains  in  the  diagonals  vary  according  to  the  position  of 
the  passing  train,  not  only  in  amount,  bnt  also  in  kind.  If,  for 
instance,  W,  alone  rests  upon  the  girder,  diagonal  4  is  subject 
to  tension.  If  now  W,  be  added,  its  tendency  will  be  to  produce 
compression  in  diagonal  4,  that  is,  a  strain  of  an  opposite  kind 
to  that  produced  by  W|,  and  the  true  strain  which  this  diagonal 
sustains,  when  both  weights  rest  upon  the  girder,  is  equal  to  the 
difference  of  the  strains  produced  by  each  weight  acting  separately 
(14S).  The  third,  fourth,  fifth,  sixth,  and  seventh  weights  tend 
to  increase  the  compression  in  diagonal  4,  while  the  first  weight 
alone  tends  to  produce  tension.  Consequently,  the  maximum 
compression  in  this  diagonal  takes  place  when  all  the  weights 
except  the  first  rest  upon  the  girder,  and  the  maximum  tension 
occurs  when  all  the  weights  are  removed  except  the  first.  The 
same  result  may  be  arrived  at  in  any  particular  case  by  means 
of  a  table  of  strains,  such  as  that  in  169,  where  we  find  at  the 
intersection  of  diagonal  4  and  W^,  that  this  weight  produces  a 
tension  of  0*7  tons  in  the  diagonal,  while  each  of  the  remaining 
weights  produces  compression.  When  all  the  weights  rest  upon 
the  girder,  the  first  and  last  produce  no  effect  on  diagonal  4,  since 
the  strains  due  to  these  weights  are  equal  and  have  opposite  signs. 
In  fact,  these  weights  are  supported  exclusively  by  the  flanges  and 
the  last  pair  of  diagonals  at  each  end,  and,  as  far  as  they  alone  are 
concerned,  all  the  intermediate  diagonals  might  be  omitted.  If, 
however,  Wj  be  removed,  the  eighth  part  of  W^  is  transmitted  to 
the  left  abutment,  and  consequently  increases  the  compression  in 
diagonal  4  by  the  strain  found  in  the  table  at  the  intersection  of 
W7  and  4.  If,  on  the  other  hand,  W^  be  removed,  the  eighth  part 
of  Vyr,  is  transmitted  to  the  right  abutment,  diminishing  the  com- 
pression  in  diagonal  4  by  the  strain  found  at  the  intersection  of  W, 
and  4.  In  a  similar  manner  we  find  from  the  table  that  any  other 
diagonal,  7  for  instance,  sustains  the  greatest  amount  of  compression 
when  the  first,  second,  and  third  weights  alone  rest  upon  the  girder, 
and  the  greatest  tension  when  these  are  removed  and  the  other 
weights  remain. 

190.  fflUixlfliam  strains  in  web — Strains  In  Interseetlnir 
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diagonals. — The  maaimum  strain  in  any  diagonal  occurs  when  the 
passing  train  covers  only  one  segment  (51) ;  and  in  general  terms,  the 
maximum  tensile  strain  in  any  diagonal  occurs  when  the  passing  train 
covers  the  segment  from  which  the  diagonal  slopes  upwards^  and  tlie 
maximum  compressive  strain  when  it  covers  the  segment  towards  which 
the  diagonal  slopes  upwards.  When  a  pair  of  diagonals  meet  at  the 
unloaded  flange,  the  strains  in  the  two  diagonals  are  equal  in  amount 
but  of  opposite  kinds,  and  the  maximum  tensile  strain  in  one  is  equal 
to  the  maximum  compressive  strain  in  the  other,  and  vice  versa  (168). 

191  •  Permanent  load — ^Absolute  maxlmnni  stralmu — In  all 
the  foregoing  investigations  the  weight  of  the  girder  and  roadway 
has  been  left  out  of  consideration,  but  in  practice  the  perma- 
nent load  materially  modifies  the  strains,  especially  in  bridges  of 
large  span  where  the  ratio  of  the  permanent  to  the  passing  load 
is  considerable.  If  the  supported  load  be  uniformly  distributed, 
its  weight  may  be  added  to  that  of  the  structure,  provided  the 
latter  be  also  uniform,  and  the  calculations  made  for  their  com- 
bined weights  as  already  explained  for  uniform  loads.  But  when 
the  load  moves,  the  strains  in  the  bracing  produced  by  the  weight 
of  the  permanent  structure  will  be  increased  or  diminished,  or 
even  a  strain  of  an  opposite  kind  produced,  according  to  the 
position  of  the  passing  load.  In  order  to  obtain  the  absolute 
maximum  strains  to  which  the  bracing  is  liable  under  these  cir- 
cumstances, we  must  calculate — ^first,  the  strains  produced  by  the 
permanent  structure  alone,  and  afterwards  the  maximum  strains, 
both  tensile  and  compressive,  due  to  the  passing  load  alone.  These 
latter,  when  added  to,  or  subtracted  from,  the  strains  produced  by 
the  permanent  load,  according  as  they  are  of  the  same  or  opposite 
kinds,  will  give  the  absolute  maximum  strains  to  which  each  brace 
is  liable  in  any  position  of  the  passing  load. 

m.  Weli^  first  method. — ^Perhaps  the  simplest  method  of 
obtaining  the  strains  in  the  diagonals  from  a  passing  train  is  by 
forming  a  table  of  strains  produced  by  each  weight  acting  sepa- 
rately, as  in  169.  Then  adding,  first  the  tensile,  and  afterwards 
the  compressive,  strains  in  each  horizontal  row,  we  obtain  the 
required  maximum  strains  of  each  kind. 
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Bz.  The  f bOowfaig  example  of  »  girder  of  eight  bays  will  Qlnstrate  this  method  of 
oeleulatiiig  the  absohite  wnt^rfTnTim  gtraine  when  the  bridge  is  trayened  by  a  load  of 
nnifonn  deuAtj  whose  length  is  not  less  than  the  span.  Let  Fig.  65  represent  a  railway 
girder,  80  feet  long  and  5  feet  deep,  the  bracing  of  which  is  formed  of  8  right-angled 
isosceles  triangles,  with  the  roadway  attached  to  the  npper  flange.  Let  the  permanent 
bridge-load  eqnal  half  a  ton  per  running  foot,  and  the  greatest  passing  train  of  nnif onn 
density  eq;iial  one  ton  per  foot ;  we  then  have 

W  =  5  tons  from  the  pennanent  load, 
W  =  10  tons  from  the  passing  train, 
/  =  8, 

tanB  =  1, 
Mee  =  1*414^ 
Y/see$  =  7 -07  tons, 

W 

-|-Mctf=  1*77  tons, 

(W  +  W)  ton0  =  15  tons. 


^ 

/ 

r 

/ 

/ 

/ 

/ 

1 

Wi 

Wa 

W» 

W4 

W» 

We 

W7 

a 

r 

a 

C 

T 

Tons. 

TODM. 

Tons. 

Tons. 

TonsL 

Tons. 

Toniw 

Tons. 

Tons. 

Tom. 

Tons. 

Tons. 

1 

-12-4 

-10-6 

-8-9 

-71 

-6-8 

-8-6 

-1-8 

■  •  • 

-49-6 

-24-7 

•  •• 

-74-8 

2 

+12-4 

+10-6 

+8-9 

+7-1 

+6-8 

+8-6 

+1-8 

+49-6 

•  •  • 

+24-7 

+74-8 

a«* 

8 

+  1-8 

-10-6 

-.8-9 

-71 

-6-8 

-8-6 

-1-8 

+  1-8 

-37-2 

-17-7 

•  ■  • 

-64-9 

4 

-  1-8 

+  10-6 

+8-9 

+7-1 

+6-8 

.+8-6 

+1-8 

+87-2 

-  1-8 

+17-7 

+64-9 

•  •  • 

6 

+  1-8 

+  8-6 

-.8-9 

-71 

-6-8 

-8-6 

-1-8 

+  6-8 

-26-6 

-10-6 

•  •  • 

-87-2 

6 

-  1-8 

-  8-6 

+8-9 

+7-1 

+6-8 

+8-6 

+1-8 

+26-6 

-  6-8 

+10-6 

+87-2     ... 

7 

+  1-8 

+  8-6 

+6-8 

-71 

-6-8 

-8  6 

-1-8 

+10-6 

-17-7 

-  8-6 

+  7-1  -21-2 

8 

-  1-8 

-  3-6 

-6-8 

+74 

+6-8 

+3-6 

+1-8 

+17-7 

-10-6 

+  8-5 

+21-2  -  7-1 

The  nmnbers  in  the  first  colmnn  represent  the  diagonals,  and  the  seven  first 
letters  in  the  npper  row  the  passing  weights,  in  order  of  position.  The  numbers 
found  at  the  intersection  of  a  diagonal  with'  a  weight  represent  the  strains  pro- 
duced in  the  diagonals  by  the  passing  load  resting  on  each  apex  separately ;  these 
are  derived  from  eqs.  116  and  116.  The  columns  marked  C  and  T'  contain  the 
maximum  strains  of  compression  and  tension  which  the  passing  load  can  produce; 
they  sre  obtained  by  adding,  first  the  compressive,  and  afterwards  the  tensile,  strains 
in  each  row  in  the  first  part  of  the  table.  The  coliimn  marked  2  contains  the  strains 
due  to  the  uniform  permanent  load ;  these  are  derived  from  eq.  120.  Finally,  the 
two  last  columns,  marked  C  and  T,  contain  the  absolute  maximum  strains  which  the 
oomlnnation  of  pennanent  and  passing  loads  can  produce ;  these  are  obtained  by  adding 
algebnically  column  3  to  oolumns  C  and  T'  respectively.  If  one  ton  per  foot  be 
the  greatest  passing  load  to  which  the  girder  is  liable,  the  strains  in  the  bracing  can 
never  exceed  these  absolute  maximnm  strains. 

m.  Vlangcs. — ^The  maximum  strains  in  the  flanges  occur  when 
the  passing  load  covers  the  whole  girder  (58). 
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In  our  example  this  oocors  when  the  girder  supports  a  unif  oimly  distributed  load  of 
1*5  tons  per  running  foot,  equivalent  to  15  tons  at  each  apex.  The  strains  in  the 
several  bays  are  given  in  the  following  table ;  they  are  obtained  by  the  aid  of  a  diagram, 
as  described  in  lOi. 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

1 
H 

Strains 
in  tons, 

+  52-6 

+ 142-6 

+  202-6 

+  282-5 

-105 

—  180 

-225 

-240 

174.  Coiinterbracliiir* — On  examining  the  two  last  columns  of 
the  table  in  178,  it  will  be  seen  that  diagonals  7  and  8  are  the  only 
braces  which  are  liable  to  both  tensile  and  compressive  strains. 
Consequently,  the  four  central  diagonals  alone  require  to  be  coun- 
terbraced  (187);  whereas,  if  the  permanent  load  had  been  left 
out  of  consideration,  all  the  diagonals  except  the  extreme  pair 
at  each  end  would  require  counterbracing;  and  if,  on  the  other 
hand,  the  strains  from  the  passing  load  had  been  calculated  on 
the  supposition  of  its  being  a  uniformly  distributed,  in  place  of  a 
passing  load,  none  of  the  diagonals  would  require  counterbracing. 

175.  Permanent  load  diminishes  eonnterbraeinir- — In  bridges 
of  large  span,  the  permanent  load  will  materially  diminish  the 
amount  of  counterbracing  that  would  be  required  if  the  passing 
load  alone  had  to  be  provided  for;  and  when  the  span  is  very 
large,  it  will  be  more  accurate  to  consider  the  permanent  load  as 
resting,  part  on  the  upper,  and  part  on  the  lower  flange.  In  small 
spans  this  nicety  of  calculation  may  be  neglected,  since  the  cross 
road-girders  and  roadway,  with  the  flange  to  which  they  are 
attached,  form  the  greater  portion  of  the  permanent  load. 

176.  Welij  seeond  meiiiod. — The  maximum  strains  in  the 
diagonals  due  to  a  passing  train  of  uniform  density  may  be  expressed 
by  equations  similar  to  those  given  in  the  preceding  cases,  for  which 
purpose  it  is  necessary  to  divide  girders  into  two  classes. 


Class  A, 

Girders  in  which  the  extreme  apices  of  the  loaded  flanges  are 
each  distant  one  whole  bay  from  the  abutments,  as  in  Fig.  56. 


..   _  _       !Sk^ 


giW'iir-^s 


J^?9-^' M^*^*^'^'^^^^"'"'^  ^'°"^  ^^^  passing 


l^^l^^i^*S^&^^^7^'^'^*^   apices  between  the 
^i^^&^^^^^'n'^^a!^'  r^^t^n^^ii^m  strain  is  equal  to  the 

«'■»■■»■     ;R;'i"^:'S'J».^-.     .s.w    „ 


(121) 


«fta«ftha3tp.^rB  _I,  flSt*  affi*  «^»  «^r  V^»  ' 


[P^^.  -^  aXi*  liSm  a^i  a^i  VW>  <^>  aTCs 

p^^mi^>e|b]fia^¥»|ft'  the  loaded  flange  are 


it,  as  in  Fig.  57. 
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The  strain  in  any  diagonal  from  the  passing  weight  at — 

The  1st  apex  =      -^  seed, 

2nd  apex  =  3  -^secO^ 

\A// 

3rd  apex  =  5  -^  «ec9, 

Jill 

*  «  »  « 

niJi  apex  =  (2n  —  1)  -57-  ^^^* 

Adding  these  together,  we  have  the  strain  due  to  the  passing  load, 

VV^ 

2'  =  (1  +  3  +  5  +  .  • .  2«  —  1)  "22^  9ec9, 

or  by  summation, 

S'  =  ^X^««cfl.  (122) 

Eq.  122  proves  that  the  strains  in  the  diagonals  produced  by  a 
passing  load  are  proportional  to  the  square  of  the  loaded  segment 
(50). 

Ex.  The  following  example  of  a  girder  of  8  bsjB  witli  equilateral  triangleB,  belong- 
ing to  Clan  Af  will  illustrate  this  method  of  calcularting  the  maximum  straina  piodujoed 
by  a  paanng  train  of  uniform  density  sufficiently  long  to  extend  over  the  whole  bridge. 
Let  the  girder  be  80  feet  long,  the  pennanent  load  0'5  tons  per  running  foot»  and  the 
passing  load  of  greatest  density  (say  engines)  one  ton  per  foot ;  we  then  have^  using  the 
same  notation  as  before, 

W  =    5  tons  from  the  pennanent  load, 
W  =  10  tons  from  the  passing  train, 
f  =  8, 
B  =  80% 
ian»  =  0-5778, 
9ee9  =  1154, 
Wsec  =  5-77  tons 
W 


-P^^  =  1-442  tons 
(W  +  W)  tane  =  8-66  tons. 
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DtagoBato 

8 

2 

C 

T' 

C 

T 

TODB. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

-28 

-20-2 

••• 

-40-4 

■•• 

-60-6 

2 

-   0 

+  20-2 

+  40-4 

••• 

+  60-6 

••• 

8 

-21 

-14-4 

+    1-4 

-80-8 

••• 

-447 

4 

-    1 

+  14-4 

+  80-8 

+    1-4 

+  447 

•■• 

5 

-16 

-   8-7 

+   4-8 

-21-6 

••• 

-80-8 

6 

-   8 

+   87 

+  21-6 

-   4-8 

+  80-8 

••■ 

7 

-10 

-   2-9 

+    87 

-14-4 

+   6-8 

-17-8 

8 

-    6 

+    2-9 

+  14-4 

-    87 

+  17-3 

-    6-8 

The  nomenls  in  the  first  oolnmn  represent  the  diagonals  (see  Fig.  55).    The  second 

n  ^n  -4-  1^ 
odlmnn  rnntains  the  coefficients  for  each  diagonal,     ^    ~ — '-  in  eq.  121,  n  being  mea- 

mized  alternately  from  the  right  and  the  left  abutment.  Column  2  contains  the 
•trains  produced  by  the  pennanent  bridge-load ;  these  are  calculated  by  eq.  120. 
Columns  C  and  T'  contain  the  maTimum  strains  produced  by  the  passing  load ; 
these  are  calculated  by  the  aid  of  the  second  column  and  eq.  121  (see  190). 
Finally,  the  two  last  columns  contain  the  absolute  maximum  strains  of  either  kind  in 
the  bracing,  taking  both  pepnanent  and  passing  loads  into  consideration ;  these  are 
obtained  by  adding  columns  C  and  T'  algebraically  to  column  X  The  strains  in  the 
flanges  are  as  follows  (161)  : — 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tons, 

+80-8 

+82-8 

+117-0 

+184-2 

-60-6 

-103-9 

-129*9 

-188.6 

CA8E    VI. — ^LATTICE    GIRDERS    SUPPORTED    AT   BOTH  ENDS  AND 

LOADED    UNIFORMLY. 

m.  Approximate  mle  for  strains  In  lattlee  well. — It  has 

been  already  shown  (154)  that  the  effect  of  increasing  the  number  of 
diagonals,  so  as  to  form  a  lattice  girder,  is  merely  to  distribute  the 
load  over  a  greater  number  of  apices  and  thus  diminish  the  strain 
in  each  diagonal  in  proportion  to  the  increased  number  of  systems. 
This  suggests  the  following  approximate  rule  for  finding  the  strains 


l1?H»r^-Sa'^"^n*ffii'  fLAKOES         [chap.   T. 

l^^i^rajgij^da^  ffiSi^ufis!:  the  ttraiM  on  ike  tuppori- 
irA'  ttjjfJIi^li^iPS^Slfimfl^*-  "^ete  divided  bi/  the 
Hj]gi]|WtB'^|TiTi'lti(irfot'rriiiTi'M  iiiiifi'iNi'  lattice dia- 
■^8*^1^^ t  ^'^*B**S¥ Si °^  (^alc^ulation  are  of  easy 
iiiimm  ii>|iiiw^ia^»S'^?y  fSK'iil'^''^'''''  '^  merelyapproximate. 
j^^^^^pfiiel^iSl^' Wn J  il  i  1^  uniform  load  the  strmnB 
4|JK^^.ib^18>£ljS^|f^  120,  observing  that  the 


w^  i5si  Ssi  Ssi  IS'  "£"  ;^j 

I  ipp^^%  fi^ATj^ui^ie-S^der  the  number  of  those 

_    _  .   .  _    _.  ._..  Ba  ^  diagonal  and  the  centre 

1  the  apices   belon^ng  to 

_   ^.  ,„-„^      .„„  ,^,.^  assumes  that  the  strains 

'4  JAV^ii9fiIi^ii;^*$^3&inSECBSms,  but  at  equal  distances 

■J*&1^»fi53^^<^®^r'^|*^  Wj  and  Wn  in  Fig.  58, 

f  WeKJ^^xSS*  4^^^t^Ht^ai%oaal3,  but  merely  through 

i'Pvy;v^%4'fe'<'^^*@^l%i^^^^'  respective  systems  which 

J^^-Cl^uu|^n^it^|^^^>  This  is  the  simplest  way 

.■AfV  -EiiJfBjaj  JfiAJ3.-'S»ia^  load,  but  they  may  also 

r(l6S),  in  which  case  the 

■^~    >  -nK^-jB-  jB,-is~"  """"^  V  ~  '^  ^"""  those  obtained  by 

i§|»  feet  long  *iul  10  feat  deep,  vitb 
iltuitrate  tbe  mode  of  calculk- 
per  running  foot,  we  httv% 


tad  the  neotre  of  the  girder. 


.*.  SQ-^Ai^jr^^'iT^S^d^a^hs^^^ig  dlagnm  of  itralni  an  the 
•f^^K^+X^^^t  ^•pi^^i^a^'^  ^*  the  itnOna  In  the  dUgonAli, 
*^£*~^''^'"*-T''$^*^'i^^^^'^'^^*£!^^**  UiB  dUgonftli  in  order  of 


,  _   ix);    ffn&llj,  the  inooenive 

_'^^S*'4^'9'^^^4v*  '^  ^°  flugca  In  torn  (sae 


3'^^:^n^^^  AT   BOTH  KHD8  AND 
-^^i^^l^=^^Uf   DENBIXr. 
,jjj.  .jg.  ^.  ^.  ^.  ^  .j[. 

.*.  .*.  ,ft,  ,«„a.  ,«.  ,«. 

E.,^|>>:S^iii.;^gt>6  simplest  method  of 

^^^P^J^I'I^^^  train  is  to  tabulate 

'^^^E^^il^^^S^f^'s'^^'  ^^^  thence  infer 

■li^»^^i,B»^ii^pHh  ,^fl(*  fnaTimnm  Strains  in 


'^S^^^8tif''V^*^*^'w-H  teet  long  and  10  faet  deep,  with 


I^^H  K^-CBlJ  ^#  V^S  I  Ml  P^  numing  foot  ud  the  pudng 


iffltflii 


^Matawehkve, 

■  Io»d, 

pufdng  tnin, 


'^B^S*  S'^^iJ^^Cl^^B  paMiiig  wdghti,  Hid  (1m  fint 
@P^^  S^^>*'&'*"<^  oolumiu  contain  the  (truni  pn>- 
Sfi^^fffaSitQtl^^i^^il^M^  ^^qltj^^tely  ;  the«e  ue  derived  from  eqi. 
^   "^      ^  * 'i^i->l^bgi.^^al/rA%ea^P«^  T^ contain  the  nuudmnmitnina 
■^¥><cSb^M^^^i^,lo>d ;  the>e  ue  obtained  b;  adding 
"  "  ■SlvSigi^&P^ni^^^^^i.JBpaiately.    The  oolnmn  headed  3 

f&^'^^^l^^PS/"'^^i^  >  '^  '*  copl^  '''""^  ^  previoni 
*  r    ^!^^^C^^'@'*'»''mI  *^^^^^  marlced  C  and   T,  contain  the 

^  '^  Jl  '^ft^^^  B*^^  ^^^^*^^§P^^***''>t[  '^  permanent  loadi  can 
•^  ^  j^'^t^^^  ^ytfi^  ^pCl^@*t]9lX$Jo  oolonuu  C  and  T'  mccevivd;. 
I^tt^r^'^^jl:  jKe^  jUj^lgBJ^qfe'gyiad  11  are  labject  to  both  com- 
f^  V  I  tl^  ^^XI^  ^"^ilvS^^vg^^B^iS/'P^lt  diagonals  leqniie  counteibiadng. 
*J^"^J^i^'^*;5^^ii,^6;0!ii^ijgiii^^ihepajaingloadaitendi  uniformly 
•  (•■^"'^JM&^/^^pCilg^^^i^^^gfbr  meantof  a  diagramofitn^nB 
*"l  !  i  ^^:|b2$?^:^V»«i^^S^nini  are  thr«e  times  greater  than 
^**-'^_'^^'^'V*Sy»^'i^T<lij^^^''^n'n'»Jn8  f«rt  e^"""!"  t^oo  the  per- 

s£§r*"S^^  lattice  girders  are  some- 

^^r*'9i^^'*^'^^^*S^'i^'^^^°  horizontal  components 

WP^ealiWii'Sridway  between  the  flanges. 

iffA^t^|iA|,^£^Jight  amount,  as  it  is  merely 

wB©S*bP  ^■'^'eicesB  of  the  strain  in  the 
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tension  diagonals  over  those  in  compression,  or  vice  versa.  In 
Fig.  60,  for  example,  the  vertical  component  of  the  diagonals 
meeting  at  c  is  transmitted  through  the  lower  half  of  the  pillar  to 
the  abutment  in  addition  to  any  pressure  which  it  may  receive 
from  the  upper  half.  Their  horizontal  component,  however,  tends 
to  deflect  the  pillar  outwards  or  inwards,  according  as  the  strain 
in  the  compression  or  tension  diagonal  is  in  excess,  and  this  trans- 
verse strain  converts  the  pillar  into  a  vertical  girder  whose  abutments 
are  the  flanges.  This  excess  does  not  attain  its  greatest  value 
when  the  girder  is  uniformly  loaded ;  for  since  the  load  is  on  the 
upper  flange,  the  tension  in  diagonal  17'  equals  the  compression  in 
diagonal  3,  and,  on  examining  the  preceding  table,  we  find  that  the 
greatest  excess  of  strain  in  diagonal  1  over  that  in  diagonal  3  occurs 
when  all  the  apices  of  the  system  to  which  the  former  diagonal 
belongs  are  loaded,  while  those  of  the  latter  are  free  from  load. 
This  of  course  is  a  condition  of  load  which  is  very  unlikely  to  occur 
in  practice,  but  it  is  quite  possible  that  passing  weights  may  rest 
on  two  apices  of  the  first  system,  say  Wj  and  W,,  while  the  apices 
belonging  to  the  other  system  are  free  from  load.  This  might 
occur,  for  instance,  if  a  pair  of  engines  or  heavy  wagons  were 
to  cross  with  a  proper  interval  between  them.  K  this  were 
to  occur  in  our  example,  the  horizontal  component  of  the  strain 

in  diagonal  1  would  =  ^ —     .   ^ tanO  =  8'1  tons.    The  pillars 

ought  accordingly  to  be  designed  with  adequate  strength  to  meet 
such  transverse  strains,  as  well  as  those  of  compression  in  the 
direction  of  their  length. 

181.  Amlilviilty  respeetlBfp  strains  In  lattice  bradn^. — 

When  a  lattice  girder  contains  three  or  more  systems  of  triangles,  a 
slight  ambiguity  may  occur  respecting  the  strains  if  the  load  be  dis- 
posed on  both  sides  of  the  centre.  Take  for  example  W,  and  W^, 
Fig.  60,  which  belong  to  different  systems,  but  rest  on  apices  equally 
distant  from  the  centre ;  the  whole  of  W,  may  be  transmitted  to 
the  left  abutment  through  diagonals  7,  13',  3  and  17^  and  the 
whole  of  W,  to  the  right  abutment  through  diagonals  7^  13,  3'  and 
17,  without  producing  strains  in  the  other  diagonals  of  either 
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system,  wliich  indeed  might  be  safely  removed  as  far  as  these 
weights  are  concerned.  The  method  of  calculation  described  in 
198  assumes  this  to  be  the  case.  But  again,  ^^ths  of  W^  may 
be  transmitted  to  the  right  abutment,  and  -^^ths  to  the  left,  through 
the  diagonals  of  its  own  system,  and  similarly  with  W^  (10).  This 
is  assumed  to  be  the  case  for  the  passing  load  in  the  example  in  199. 
Hence,  there  is  a  slight  ambiguity  respecting  the  strains,  asthey  may 
go  in  either  way,  or  partly  in  one,  partly  in  the  other,  just  as  it  is 
impossible  to  say  how  much  pressure  is  transmitted  through  any 
one  leg  of  a  foui-legged  table  If,  however,  the  girder  be  strong 
enough  to  sustain  the  strain  in  whichever  way  it  can  be  conveyed  the 
safety  of  the  structure  is  secured,  and  practically  there  is  a  very 
slight  difference  in  the  resulting  strains  whichever  method  of  calcu- 
lation is  adopted.  It  may  be  thought  that  the  '*  principle  of  least 
action"  will  necessarily  determine  the  direction  of  the  strains,  t.«., 
thsit  they  will  take  that  direction  in  which  the  work  done  is  a  mini- 
mum ;  practically,  however,  a  slight  inaccuracy  in  the  exact  length 
of  the  bars  will  doubtless  determine  the  direction  they  will  take.  It 
ought  also  to  be  admitted  that  a  structure  will  stand  as  long  as  it 
has  not  exhausted  the  whole  of  its  possible  conditions  of  stability, 
and  it  is  therefore  sufficient  assurance  that  any  structure  will  stand 
if  we  prove  that  a  certain  state  of  stability  can  be  realised. 

189*  FlaBfCHitnifaui  ealeolated  by  momeiiiiu — ^When  cal- 
culating the  strain  in  any  bay  of  a  lattice  girder  by  the  method 
of  moments  (164),  we  must  not  neglect  the  moments  of  the  strains 
in  the  diagonals.  That  part  of  the  girder  represented  in  Fig.  60, 
for  instance,  which  is  to  the  left  of  a  line  drawn  through  bays  a  and  &, 
is  held  in  equilibrium  by  the  reaction  of  the  leftabntment,the  weights 
W|,  Wj,  and  W3,  the  horizontal  forces  at  a  and  &,  and  the  oblique 
forces  in  diagonals  4,  5,  13'  and  14'.  The  moments  of  the  former 
pair  of  diagonals  are  opposed  to  those  of  the  latter  pair,  but  they 
seldom  balance  exactly.  Hence,  the  strains  in  two  bays  vertically 
over  each  other  are  rarely  precisely  the  same  in  value,  but  differ  by 
an  amount  equal  to  the  horizontal  component  of  the  strains  in  the 
diagonals  which  are  intersected  by  a  line  joining  them;  this,  indeed, 
is  true  whether  the  bays  lie  vertically  over  each  other  or  not,  and 
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is  merely  a  modification  of  the  law  stated  in  58.  A^;ain,  it  would 
be  erroneous  to  expect  that  the  strains  in  the  bays  of  braced 
girders  when  uniformly  loaded  must  necessarily  agree  precisely 
with  those  obtained  by  eqs.  23  or  25.  In  some  cases  it  happens 
that  they  do  so  agree,  but  in  general  they  are  only  close  approxima- 
tions. This  arises  from  our  assuming  that  the  load  in  braced  ^ders 
is  concentrated  at  the  apices,  in  place  of  being  uniformly  distributed. 
In  Fig.  60,  for  instance,  the  load  on  the  extreme  half -bays  is  assumed 
to  rest  directly  over  the  pillars,  while  that  on  the  two  central  half -bay  s 
is  assumed  to  rest  exactly  on  the  central  apex ;  consequently,  these 
portions  of  the  load  are  neglected  in  calculating  the  central  strains 
in  the  flanges  by  the  method  of  moments.  If,  however,  the  moments 
be  calculated  on  the  supposition  that  these  loads  act  at  their  centres 
of  gravity.  ».«.,  at  a  distance  from  the  pillars  equal  to  a  quarter-bay. 
and  at  a  distance  from  the  centre  also  equal  to  a  quarter-bay,  the 
strain  at  the  centre  will  agree  with  that  obtained  by  eq.  25. 

18S.   Webj  0eeoBd  method. — The  strains  in  the  bracing  of 
lattice  girders  subject  to  passing  loads  of  uniform  density  may  be 
expressed  by  an  equation  obtained  in  the  following  manner : — 
Let  W  =z  the  passing  weight  on  each  apex, 

I  =  the  number  of  bays  in  the  span  (=  16  in  Fig.  61), 
k  =:  the  number  of  systems  of  triangles,  i,e.,  the  number 
of  bays  in  the  base  of  one  of  the  primary  triangles 
(=  6  in  Fig.  61), 
2'  =  the  maximum  strain  which  any  given  diagonal  sustains 

from  the  passing  load, 
n  =  the  number  of  bays  between  the  given  diagonal  and 
one  of  the  abutments,  measured  along  the  loaded 
flange, 
p  =  the  integral  number  of  times  that  its  own  system 
occurs  between  the  given  diagonal  and  the  same 
abutment,  measured  also  along  the  loaded  flange 

(=  the  integral  part  of -=-), 

0  =  the  angle  which  the  diagonals  make  with  a  vertical 
line. 


|llltlS.'$iiBI<wie>S'<ei<nl]  Boata 
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,61;  diagonal  a 

wwirwa-TSFt— TWBuir— •>'»  andWj  reat 

*tlH.'^^Cll^lN^*^(Qiwil]  Bostain  the  maxi- 

i  rfPi-H:—-  .!■.  *^^^q|£^lj'  one  segment — ^whicb 

•^^130) — but  the  strain  it 

"IraKi'^t  0°  the  apices  of  its 

h^^jB  between  the  top  of 

ws  igt^^rSlf  ^^ii^I^s  principle  of  the  lever, 

;3£^C^^^B^{e^:to  the  right  abutment 

iHp^t^K^^^^^    The  maximum  com- 
*^  ^^Si*'wm*'^'^*"^  '■''  ^^^  quantities 
:^^lni^^':^S!i^A£ev-Mcd;  and  in  general, 
^^"iP^Rlcl?  V  Va9*^3°^  ^  t^^  passing  load, 

•?s.:%  ••*••»■  •'2"»'  ^ 

fiS^'  ♦      .ft.         .ft. 

^  compression  in  i  (110), 
u%strains  according  as  the 


^"'"■^"      "i^loDg  and  6  (set  dsep,  whoBo 
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FLANGES  [chap.  V. 


^'tt^"*^*^^^^'^B"l^  nmning  foot,  And  the  bmriest 
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The  maximum  stniiLB  in  the  flanges  oocnr  when  the  passing  load  coven  the  whole 
girder.  They  are  most  conveniently  obtained  by  the  aid  of  a  diagram,  as  described  in 
198,  and  are  given  in  the  following  table,  the  letters  in  the  upper  rovrs  of  which  refer 
to  the  bays  in  Fig.  62.    The  figures  in  the  lower  row  represent  the  strains  in  tons. 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tozus 

+  26-8 

+  78-8  + 128-8 

+ 161-8 

+ 191-3 

+  218-8 

+  228-8 

+  286-8 

Bays, 

• 

1 

J 

K 

L 

M 

N 

O 

P 

Strains  in  tons, 

-80 

82-6 

— 127-5 

—  165 

—  195 

—  217-5 

—  282-5 

—  240 

The  compressive  stnJn  in  each  of  the  end  pillars  is  equal  to  the  vertical  component 
(shearing-strain)  of  the  end  tension  diagonal  plus  the  load  resting  on  the  last 
half -bay ;  it  reaches  its  maTimnm  when  the  girder  is  loaded  aU  over,  in  which  case 
it  equals  26*25  +  8*75  =  80  tons  on  each  pillar 
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^|f^£''a''^'B&Cm-*i^if^-^iiniECTED  by  vertical 


■  ^«M*liyi|iUgjj^'y:;^>£*^M|iai:B|  uia  uiwcvS  b^Dg  alter- 
^   «  r    B  ^y^fi^.Mi^9)tt  S  employ ment  in  the  webs 

*  «^<   -i^^Wt^^l^uH^^^c^nBiTely  used  in  acafFolding 
-,  j"  *•  ^^;i§3jill^'^5»!&(!en8ion  bridgea,  but  more 

-*      t    ^  ^'li^^li^^^ll^^^'^'^ween  the  flangeB  of  large 

*  rSf^  ^^^*^&k^ln^l^^^^  agiunst  side  preeeure, 

A-  t-^^l^lSlil^aT^T^lM  sources.     The  ordioarf 

■  '^■?ii'i^*^9^^4&i^^l'^'^')^  hereafter,  a  modificatioa 

^.     f  ■■|A^|&-3^^^3l^^^S8ls  may  act  as  struts,  aod 

^  t  r^  l^c^^^^^^l^i^!^"'?' "  ^  ^"'^^  '^''^  '^  ^"^ 
■>  •-s'  **^§*P£[oSI^^^^^^^2ii£>ven  bmoe  is  deugned  to 

•  *    •    'p.  .^. 

^^^^^i#^I^vS&i^^3$V^'H  ENDS  AND   LOADED  AT 
■   -<f.**^:Y'^'|iKal5g^CEfliTt  POINT. 

,-..*S-.-£'.-S*  -S*  •^-  •^-  •^"  i'S  jf ►  •£-  . 


*^KgKg.  if;  ^.  ^.  .5.  .g.  -*-  •*- 
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1§5.  Let  W  =  the  weight,  dividing  the  girder  into  segments 

containing  respectivelj  m  and  n  bays, 
/  =  m  +  ft  =  the  number  of  bays  in  the  span, 
0  =  the  angle  between  the  diagonal  and  vertical 

braces, 
2  =  the  strain  in  a  diagonal  brace, 
2'  =  the  strain  in  a  vertical  brace. 

On  the  principle  of  the  lever,  -r  W  is  transmitted  to  the  right 

abutment  through  the  bracing  of  the  right  segment  (10).    Hence, 
the  strain  in  each  vertical  of  the  right  segment, 

S'  =  7W  (124)  ' 

Similarly  in  the  left  segment,  ^ 

S'  =  ^W  (125)  I 

These  strains  in  the  verticak  are  identical  with  the  shearing- 
strain  of  t4.  The  strains  in  the  diagonals  are  the  same  as  in  Case 
III.  of  the  preceding  chapter,  that  is,  they  equal  the  foregoing  strains 
in  the  verticals  multiplied  by  secO  (see  eqs.  115  and  116).  The 
stnunB  in  the  flanges  may  be  found  by  the  aid  of  a  rough  diagram  of 
coe£Bcients  in  the  diagonals  (tM),  or  more  simply,  by  adding  the 

successive  increments  at  the  apices,  each  of  which  is  equal  to  j  yNtand 

or  -J  WtonO,  according  as  the  apex  lies  to  the  right  or  left  of  W. 

186.  Steele  wkQiwin^  load*— If  the  load  move,  the  ^rder 
must  be  counterbraced  (188);  this  may  be  effected  either  by 
counterbradng  the  existing  braces,  or  by  adding  a  second  series  of 
diagonals.  In  the  latter  case  there  will  always  be  certain  braces 
not  acting  when  the  load  is  in  any  given  position ;  thus,  when  the 
weight  rests  as  represented  in  Fig.  63,  and  the  verticals  are  in 
compression,  the  dotted  diagonals  are  free  from  strain, 

189.  TrvAMd  teaai. — ^The  trussed  beam  of  the  gantry  or 
travelling  crane,  Fig.  64,  is  a  familiar  example  of  vertical  and 
diagonal  bracing.    It  is,  however,  seldom  counterbraced  by  the 
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t^jisMiSlpH^Sffl^Slim/tt  resta  on  a,  the  tension  rod 


laFKVG^lHi^f-  ^4  when  counterbraced 

[|S?.^irii,.> 


upmirds.    This  is  counter- 
'^Vii  tfl^eam,  abe,  which  ia  generally 


'Ja'-S'-S'-^'-S'-S'-S'-a-  ••- 

l':^^i^^fK^^j,*Jt'^0i%S^'^3ZBOTR  ENDS  AND   LOADED 

•■^•»"*"*"»"S?»;gi«. 

. .«, ,«, ,«,  ^.  ^.  ^.  ^a«^^: 


;«T«g'^n^^'^iK^vi-Q^n.^.^i>umCaee  I V.  of  the  preccd- 
i^43t^)%^'^§iw^«skj^ic  brace  suBtMna  a  strain  which 
'l^h^f^re|£^£  xp  the  centre  of  the  girder. 

^S^*  w^^k^tween  any  given  brace  and 

^^^^Si'^W^^onaX  and  vertical  bracea. 


erected  by  the  Ute  Mr.  Brand, 

Clark  OH  the  Tubular  BridgtM, 

flange,  but  in  amall  biidgei  It  U 

hkod-r^  it  •nxren  k 


9 
mi 


;-8trun  of  40,  that  is, 
(126) 

(127) 

V&in0  where  n  =  the 

1  iDtersecta  that  apex 

_       i^B'Cfliiese  incrementa  will 

'^|^|ptn>S  AND  TBATERSED 
iilNSIIT. 


,Jj*-.-gs-.5^.5.-.5.  .5.  .5.  .|.  .^.  ;-,  .gr.  .gr. 

■^.'^^■&.<S!i.<S>  "S»  ^*  •"■'"^  .SI  "S"  "S" 

=1 

rl 

'*"^~'''  ^'i^^^tinip^IB^^tt^ustains  the  maximum 

^pt£b^U^f)wi)  apex  and  on  those 

,^.._p^£f  3|e:|B^l|i^MW4:^^^g  aa  a  tie  (Fig.  67), 

-:gg^-:^5jag*^^|g;jj^^^W^jjg,ja|[aM^jj(^g  between  it  and  the 

^^i|^*^fffl|j^]^«^^|^  the  &rther  abutment 
^'^^^^K^^^'^^^'l^  ''^  ^'"^  '^P^^  ^"^  thoae 
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F  In  tension  (Fig.  66), 
i  between  it  and  the  abnt- 
InNlifSfBf^tA^Sl'Hf  >»  compression  (Fig.  67), 
^IjJn&flJlM&q^l^^SB^E^en  it  and  the  abutment  from 

l^gff/nitglgJmintS  'pan, 
i^*'l'^*S^f9^^'''^^^?'vis<^'"^  ^"'^  vertical  biaces, 


(128) 


(129) 


.  _...|;#^-'"r 

JK^rders  sabject  to  both  fixed 
j^i^i^ing  the  strains  produced  by 
adding  or  sabtracting  them 
^li^]lc]F:t^  3li^j|Bi||f  opposite  kinds  (m). 

ir  :^z  •*•  •»■■  ■^'  •*•  ■»'  •»' 

"'.SS*^"<||nlS^«!»8|fi^^STED    AT   BOTH    ENDS    AMD 
:^^^l|lll^lSg*<^:tJNIFOBU  DEN8IIT. 


^ 

^i: 


.jj.  ^I.  ^I.  ^I.  ^.  .^.  -^. 
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190.  Well. — ^In  this  form  of  latticmg  the  verticals  are  generally 
constructed  so  as  to  act  as  stmts  and  the  diagonals  as  ties,  in 
which  case  the  dotted  diagonals  are  theoretically  nnnecessary. 

Let  W  =  the  passing  weight  on  each  apex, 

I  =  the  number  of  bays  in  the  span  (=  10  in  Fig.  68), 
k  =  the  number  of  systems  of  right-angled  triangles,  ue.j 

the  number  of  bays  in  the  base  of  one  of  the  primary 

right-angled  triangles  (=  2  in  Fig.  68), 
T  =  the  maximum  tensile  strain  which  any  given  diagonal 

sustams  from  the  passing  load, 
n  =  the  number  of  bays  between  the  foot  of  the  given 

diagonal  and  that  abutment  from  which  it  slopes 

upwards, 
p  =  the  integral  number  of  times  that  its  own  (right-angled) 

system  occurs  between  the  foot  of  the  diagonal  and 

the  same  abutment,  =  the  integral  part  of  r, 

0  =  the  angle  between  the  diagonal  and  vertical  braces. 

It  may  be  shown  by  reasoning  similar  to  that  employed  in  188, 
that  the  maximum  tensile  strain  in  any  diagonal, 

T  =  (n  _  ^1  0,  +  1)^'  teed  (130) 

The  TOftTimnm  compression  in  any  vertical  equals  the  maximum 
tension  in  one  of  the  conterminous  diagonals  divided  by  seed.  If 
the  load  traverses  the  upper  flange,  take  the  diagonal  intersecting 
at  bottom  on  the  side  remote  from  the  centre.  If  the  load  traverse 
the  lower  flange,  take  the  diagonal  intersecting  it  at  top  on  the  side 
next  the  centre. 

191.  find  pUlant — ^AmliliraUy  respeeMnff  strains  in  fiivlty 
designs. — In  this  form  of  latticing  the  end  pillars  are  subject  to  a 
severer  transverse  strain  than  in  the  isosceles  latticing  described  in 
the  preceding  chapter  (180).  In  the  present  case  the  end  pillars 
must  be  made  su£Sciently  strong  to  sustain  the  horizontal  com- 
ponents of  all  the  diagonals  which  intersect  them  between  the  flanges. 
This  mconvenience  may  be  remedied  by  introdudng  short  diagonal 
struts,  such  as  a,  a,  Fig.  68,  which  will  relieve  the  end  pillars  of  a 
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certain,  though  indefinite,  amount  of  transverse  strain,  and  at  the 
aame  time  dimmish  the  compression  in  the  bay  c  and  the  vertical  rf. 
Both  diagonals  and  verticals  are  occasionally  constructed  so  as  to 
act  indifferently  either  as  struts  or  ties ;  in  such  designs  calculation 
is  at  fault,  for  the  strains  may  pass  through  the  isosceles  system 
of  triangles  alone,  or  through  the  vertical  and  diagonal  system 
alone,  or  partly  through  one  and  paartly  through  the  other.  In 
such  designs  there  will  generally  be  found  a  certain  waste  of 
material. 
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CHAPTEB  VII. 

BBACED  GIRDEBS  WITH  OBLIQUE  OB  CUBT1SD  FLANGES. 

Mt.  iBirodiictory — CMcnUUiOB  hj  diacitun. — ^The  clasB  of 
braced  girders  to  which  oar  attention  has  been  directed  in  the  two 
preceding  chapters  is  characterized  by  the  parallelism  of  the  flanges. 
We  have  seen  that  the  strains  in  each  part  vary  according  to  the 
position  of  the  load,  and  that  they  may  be  calculated  by  simple 
f ormulsB  with  a  degree  of  accuracy  which  leaves  nothing  further 
to  be  desired.  I  now  propose  investigating  braced  girders,  one  or 
both  of  whose  flanges  are  oblique  or  curved.  The  A  truss  and  the 
bowstring  girder  may  be  taken  as  the  chief  representatives  of  this 
class,  which  also  includes  cranes  of  various  kinds,  crescent  girders 
and  the  .braced  arch.  Formulae  for  strains  are  unsuited  to  this 
species  of  bracing  on  account  of  the  various  inclinations  of  the 
several  parts  of  the  structure.  Instead,  we  have  recourse  to 
carefully  constructed  diagrams  in  which  strains  are  represented 
to  scale,  by  the  aid  of  which,  however,  a  degree  of  accuracy  is 
attainable  which  is  practically  nearly  as  perfect  as  that  obtaine'd 
by  the  application  of  formulae  to  the  girders  described  in  previous 
chapters.* 


CASE   I. — BENT  SEMI-GIEDEBS   LOADED  AT  THE   EXTBEMITY. 

19S.  Deriiek  crane. — The  derrick  crane,  Fig.  69,  consists  of  a 
revolving  post  P,  a  jib  J,  a  chain  or  tie-bar  T,  and  two  back-stajrs, 
one  of  which  is  shown  at  B,  the  other,  lying  in  a  plane  at  right  angles 
to  that  of  the  figure,  is  not  represented,  being  hidden  by  the  post. 
The  derrick  crane  is  generally  made  of  wood.    It  is  simple  in  con* 

*  Curved  flanges  are  anumed  to  be  polygonal,  ie.,  formed  of  straight  lines  joining 

the  ^pioes  (144). 

K 


■!%■ 


:^'^^|pI(l!Sit!f» 


4B^*f  81'S*^  W**'  oBLiguE      [chap.  TII. 
„  -« ■       ,^  m  ipgjj  g^p(^ J  for  temponuy 

i^tons  where  the  back-Btays 
do  not  interTere  with 
the  traffic.  At  the 
peak  A,  three  forces 
meet,  viz.,  the  down- 
ward pull  of  W,  the 
teDsioQ  of  the  tie-bar 
T,  and  the  oblique 
thrust  of-the  jib  J. 
Since  these  three 
forces  are  in  equili- 
brium, their  relative 
^[||C^I^^»9i!g&  of  the  triangle  PT  J  (9). 

"•  "ft-  "2-^1  i*y^- 

^:tfi^3^^^^y,  and  the  compression  of 


SX^^S-SbI^c  a  pulley  at  b  down  to  the 
^^S'^^^^¥''*y^^^'  '*-  ''^>B^C8  ^^6  tie-bar 
^>?i4^^in  the  chun,  namely,  W 
^b§^tgi!^^^i^i^ging  part  of  the  chain  * 
fcajErj^^'Mfa j^^mj  lb,  the  compression  of  the 
P'^H'Kl^'lf''^'^^^^  the  tendon  of  the  chain. 

~  ^^'^^^™^^^^'"  '"^  *^^  ^^^  '^^  ^'''^''' 

^ig|ik^^^f£«3tS^4§ly  found.    Thia  operation 

^lf^^@2^pC^3iid  of  a  skeleton  diagram 

—sr^'^'^^-^'l^  the  jib  and  one  back-stay 

k^^'Ia^^^^^'^j^e  to  represent  the  tension 

;^^^^i?J^^Pl»;t^^;  then  cd,  measured  by 

I'^^^'M^^'f^^^^lS^  "^  ^^  bftck-atay,  and  bd 
^^^Vi^-A-^^^^l^^  the  second  back-stay  ia 

^^J^S^J^  *^^»*^  ^:>io<^  poUeys,  tc.  In 
%  veight  b^ipea*  to 


'«f^i  ^    -  _ 

.'£/^^^|$ttf Inject  to  Btmn;  to  a  less 

'J9!*?  ra^S^aii^^e^neidered,  as  will  appear 

**""""  ig-  70  represent  a  plan  of 

bh  and  bk  being  the 

^^Dtal  projections  of  the 

-Btaya,  and   b  A  that  of 

Sltie-bar  and  jib;  let  be 

rfiS-esent  the  horizontal  com- 

i^^t  of  the  tension  in  the 

lar  (equal  ce  in  Fig.  69), 

iJif  hfaaA  bg  will  represent 

^,  Jkiwlhorizonlal  components  of 

the  strains  in  the  back- 

w^ver,  that  either  bf  or  bg 

.^     ^_--____.,^._,.—.^.^!tr  lies  in  the  some  pUne 

%'^"|^J^^'-llBge^Xi||'fornier  case,  in  which  the 

I    ^'*iS  "ST'i  ^^^^^'^^'^^^^^i  '^  sufficient  fur  ua  to 


Df^V'^g  '•^•'l^^Si^^^r^i^^ngth  of  the  etajra. 

]«'f^Y!^v'.^'^^e^^c|it^^teet  value  when  the  plane 

'■rx*;J,^^i^,^'^;|^^i^m;fagn^>^^tween  the  back-stays,  for 

~4f  ^^  c  (   3^''^  ^^^-^P^''lj''^g''^°^  consequently,  the  sum 

*     '*    "J' *T,^£^^^P^'^^^>i^A'''^*.'*  ^  ^^7"  'B  maximum 

'  "v  "^ii^t-^  ''^^SrP^'l^^S^'^l^^  ^^  P*^^  ^  equal  to  the 

'  *il$li''3|^^|^^^|*||''4li*l^^^^^  vertical  component  of 

)  *^"'5''^g*ffOTry'^^^^h "y*  latter  slopes  downwards 

'  '*  '*'''»/>t^^^'^^^^4}>4i«tg',The  back-staye  net  some- 

V    7,  'i*  ^^t'^^^^'r^^ii^^^HS*^-^^'*  ^®  J'^  *^  swung  round, 

>i'w  "'^■^3^^<»*|^i*P>^^^E^^'3S^  the  latter  will  sustiun 

4    4  '^''e^''^''  ^^P*fflH^^^^jgHF^ "*''"*  tc*^^'"*^  produced 

'  ^  '!*^*-?^^>'4^^:Gl3^W^^^ane.     The  radius  of  the 

\"jA  4  "^^At  ^^3%G^S§S>^^^^  the  derrick,  is  generally 

^Cr^i  ^v*;^''^  4D%bvr4iiJ^^'^i>i^^°ing  the  tie-bar,  which 

i  %!i:  /ij-f^'fi^^^>§:^^y  crab-winch  fastened  to 

.T^V?'C^^^»^|^ia^^^{||^^.-j^',^S|eh  caae  the  working  chain 

'^^^^'^^^^''^Ir^s^'^'^^^ll^'^'^I^IP^  '^  convenient  for  setting 
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t'llffliiHAS^iioribed  by  the  jib  when 
"**'      taver  the  crane  is  most 

f  iQ§  uolike  the  derrick  crane, 

lubject  to  transverse 

""^tBo  fiom  the  oblique  pull 

.  ^  «e  tie-bar ;  it  is  in  ftct 

Hmi-girder  fixed   in   the 

cQ^d  and  loaded  at  the 

gimity.      The  stnuns  in 

hStie-bar  and  jib  are  cal- 

i|E^  in  the  same  iray  as 

Ig&rhe  derrick  crane.     The 

^iM^ing    moment    (59)    of 

^Si^'post  attains  its  greatest 

^nd  equals  the  horizontal 

L^^ji^£t^^!<Sg&y  the  height  of  the  post 

'wgvl^^^i^re  conveniently  found  as 

%CBi<^'ne,)  is  a  bent  semi-girder 

i*t''^"-erv^^^^^  elastic  forces  at  a  (in  this 

■^^fedBopoBa^Iher  the  centre  of  tension 

""   "  ~  —       J  jjjg  (jgnding  moment 

ihed  by  the  jib.  From 

]?pD^3i|^is  not  affected  by  increas- 

diminishes  the  stnuns  in 

[a^il  with  advantage ;  neither 

pngnk  of  the  jib  in  the  same 

^hUti^verBe  stimn  on  the  post 

than  the  drcle  described 

„    „    Jincreased  and  attains  its 

isBic^bJsmgles  to  the  jib.     If  the 

iS|i^t'i';9i^*^which  the  jib,  tie-bar  and 

'*""       ""  ""'ided  by  a  cross  head  from 

■»3l^  ^finA  which  the  cross-head 

ismitted  from  the  pivot 


:s^«nBi 
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through  the  whole  length  of  the  post  in  addition  to  the  longitudinal 
strains  to  which  as  a  semi-girder  it  is  liable,  and  the  section  of  the 
post  should  theoretically  be  circular  (99),  since  it  may  be  equally 
strained  in  all  directions.*  When  the  post  revolves  on  its  axis,  the 
jib  and  wheelwork  are  bolted  to  it  and  all  move  together  on  a  pivot 
at  the  toe-plate  b.  In  this  case  the  post  should  be  double-flanged. 
The  underground  portion  is  subject  to  a  vertical  compression  equal 
to  the  weight  (viz.,  the  difference  of  the  vertical  components  of  the 
strains  in  the  jib  and  tie-bar,)  in  addition  to  the  longitudinal  strain 
derived  from  its  acting  as  a  semi-girder.  When  the  post  moves  round 
its  axis,  friction  rollers  may  be  advantageously  placed  between  the 
post  and  a  curb  plate  which  is  secured  to  the  masonry  at  a. 

To  find  the  amount  and  direction  of  the  pressure  at  the  toe,  join 
b  with  a  point  e  vertically  beneath  W.  The  whole  structure  is 
balanced  by  three  forces,  viz.,  the  weight  W)  ^^^  horizontal  pressure 
against  the  curb  plate  at  a,  and  the  pressure  on  the  toe  at  b.  The 
two  former  forces  pass  through  c;  consequently,  the  latter  intersects 
them  at  the  same  point  (9).  Hence,  the  sides  of  the  triangle  abc 
represent  the  relative  amounts  of  these  forces,  and  we  have  the 

horizontal  component  of  the  oblique  pressure  at  b  equal  gW.     The 

vertical  components  equals  W,  which  is  otherwise  evident. 

195.  Bent  crane. — This  form  of  semi-girder  has  been  adopted 
for  wharf  cranes  where  head-room  is  required  close  to  the 
post.  The  flanges  may  be  equi-distant,  as  in  Fig.  72,  though  a 
more  pleasing  form  is  produced  by  bringing  them  closer  together 
as  they  approach  the  peak.t 

The  weight  W  is  supported  by  diagonal  1  and  the  first  bay  in  the 
lower  flange  E,  producing  tension  in  the  former  and  compression 

*  Square  tubular  posts  built  of  boiler  plates  with  angle  iron  at  the  oomen  fonn 
▼ery  simple  and  efficient  posts  for  small  cranes  not  exceeding  four  or  five  tons. 

f  Tubular  cranes  of  this  form  were  first  made  with  plate  webs  by  Sir  Wm. 
Fairbaim  {Proc.  Ind,  3f.  B^  Part  I.,  1857),  and  the  braoed  web  was  first  adopted  by 
William  Anderson,  Esq.,  in  a  six-ton  crane  erected  for  the  Government  at  the  Pigeon 
House  Fort,  near  Dublin.  Mr.  Anderson  also  designed  a  very  fine  twenty-ton  bent 
crane,  with  plate  webs,  for  the  Bussian  Grovemment,  60  feet  high,  and  81 ''6''  radius. 
{Traau.  ImL  C.  £•  of  Ireland,  Vols.  vi.  and  vii) 
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Hl''^  W^'  B>"i^<l|u^'>?^^^C9^M  >B  resolved  at  d  into  iU 
fi^S^fl  W^f '9^0°^' ^-    The  resultant 

ST(Q'fHtA^?«HjS^  a  triangle  of  force,  is 
_        iCgiQ«IPI^^*«|W«  resultant  of  the  strains 
^^^^Sffll^w^wVS^W'H^S*''!''^'*^''^  ^°  diagonal  4 


;||p*-  isir  -*-  ;i|;  ;i;  'J^i  •»•  ;j|; 
^^E^^^^^^^is  fi 


fully,  and  the  student 
^hy  the  aid  of  a  diagram 

'*    ~fct>f  tea  tons  to  one  inch, 

ijbund  preferable.*     The 

Jbf  two  circles  whose  radii 

l]^|^^|^^^^^i^Bange  is  divided  into  four 

i!||i^M^|^ngle8,  and  a  weight  of 

■"•  ^•^'str-nr-w-^^'W^^  "^  vertically  and  equal 

l||lfi^S^l|p^^ai:^gB't||4ng  strains,  and  draw  be 

'<^^*'M/^X^^^£i^^9^  produced  ;  be  and  ac 

tfa^i^lp^^L^nHi^^nd  measure  on  the  scale 

5¥'^'-£.*--s»-^  '^'  •*■  ^-  ^'  ^-  ^'  ^^ 
•^  ^^9^|et^^ tSS<  li^Sii^^&sgS^^  b«  foond  awful  for  Uyliig  ofF 


CHAP.  VII.] 


OB  CUBVED  FLAKGE8. 


135 


of  strains  +  10'8  tons  and  —  13'1  tons  respectively.  Next,  take 
de  equal  13*1  tons  (=  ac),  and  draw  ef  parallel  to  diagonal  2,  so  as  to 
meet  A  produced ;  ef  and  df  represent  the  strains  in  diagonal  2  and 
A,  and  measure  +  18'8  tons  and  r—  21*7  tons  respectively.  Next, 
produce  diagonal  2  so  that  gh  may  equal  18*8  tons  (=  ef),  and 
draw  At  parallel  to  E  and  equal  10*8  tons  (=bc);  igi»  the  resultant 
of  the  strains  in  diagonal  2  and  E,  and  is  transmitted  through  F 
and  diagonal  3.  Draw  ik  parallel  to  F ;  ik  and  kg  will  represent 
the  strains  in  F  and  diagonal  3,  and  measure  +  30*5  tons  and  —  5'4 
tons  respectively.  Proceeding  in  this  manner,  we  obtain  the  strains 
given  in  the  following  table : — 


Bbacimo,     . 

1 

2 

8 

4 

5 

6 

7 

8 

Strains  in  tons,    • 

—18-1 

+18-8 

— 6-4 

+21-4 

+8-2 

+20-5  +11-2 

+8-8 

Flavgbs,     . 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tons,    . 

21-7 

-897 

— 51-3 

—49-0 

+10-8 

+80-5  +45-3  +62-8 

106.  C^leolailon  liy  moments. — It  is  prudent  to  check  the 
calculation  by  diagram  by  computing  the  strains  in  some  of  the 
bays  by  the  method  of  moments.  That  portion  of  the  crane  which 
extends  above  B/,  for  instance,  is  held  in  equilibrium  by  the  tension 
in  B,  the  weight  W,  and  the  forces  which  meet  at  /.  Taking 
moments  round  the  latter  point,  we  obtain  the  strain  in  B.  In  this 
example,  B/  measures  3*55  feet,  and  the  horizontal  distance  of  I 
from  W  measures  14*12  feet;  hence,  we  have 

3*55  X  strain  in  B  =  1412  X  10  tons; 
whence,  the  strain  in  B  =  39*8  tons,  which  agrees  closely  with  the 
former  result.  When  only  one  system  of  triangulation  is  adopted, 
the  strains  in  the  flanges  may  be  obtained  in  this  manner  by 
moments,  and  those  in  the  diagonals  may  afterwards  be  obtained 
by  decomposing  the  strams  in  the  flanges.  This  method  is  perhaps 
more  simple  in  practice  than  that  first  described,  and  has  a  farther 
advantage  that  errors  do  not  accumulate. 


-.jit||||t«i-ji|f 


BLIQUE         [CHA.F.  Til. 


Jfc^Si  n  fijgi'dBL  gl^Jgi  e  is  the  large  amount  of 

'JSm  SrQ»^lflfti$jlSbIi  enable  boilers  or  other 

''  i?9^Slt|(@J^^£*the  peak.     This  merit, 

_        0  V^^t^SsS'g^re  than  balanced,  by  the 

;9ft|Reg  6ff it9  fi^<»V£'10  tona,  as  the  diagonal 
""™"  ■*  **  **  ■■  •"■^■^^pen  space,  that  pUting 


'||w£>'§^^fl,'^2v°g. 


-^rder  is  a  modificaUoD 

the  upper  fiange  becomes 

in  which  case  the  end 

with  parallel  flanges 

counterpoise  w^ght  to 

continuation  resembles 

V.     In  order  to  obttun 

toad  or  a  passing  train 

ite  the  strains  produced 

■nd  tabulating  these,  we 

concentrated,  or  what 

laximum  strains  in  each 

calculation  described  in 

ie  also. 


V    *    ^  v    v 
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199.  0liisle  irlaDi^latlon* — ^When,  however,  there  is  but  one 
system  of  triangles  in  the  bracing,  the  following  plan  is  more  simple 
in  practice,  and  as  errors  do  not  accumulate,  it  is  less  liable  to 
inaocuracj.  Suppose  a  weight  resting  on  the  extremity  of  the 
girder;  on  examining  the  forces  which  hold  any  portion  CaW, 
in  equilibrium,  we  find  that  two  of  them,  viz.,  the  weight  and 
the  horizontal  tension  in  C  pass  through  Wj ;  consequently,  the 
third  force,  viz.,  the  resultant  of  the  strains  in  bay  Q  and  diagonal 
6  also  passes  through  W,  (9).  In  the  same  way  it  can  be  shown 
that  the  resultants  at  each  of  the  other  lower  apices  pass  through 
Wj.  If  the  weight  rest  on  any  other  apex,  W,  for  example,  the 
resultant  strains  produced  by  it  at  each  lower  apex  pass  through 
W, ;  or,  to  express  this  more  generally,  the  restdtant  strain  at  each 
apex  in  the  lower  flange  from  a  weight  at  any  apex  in  either  flange 
will  pass  through  the  intersection  of  the  horizontal  flange  with  a 
vertical  line  drawn  t/irough  the  weight,  provided  there  be  but  one 
system  of  triangulation.  Again,  since  the  horizontal  flange  transmits 
no  vertical  strains,  the  weight  must  be  conveyed  to  the  wall  through 
these  resultant  strains  at  each  lower  apex.  Their  vertical  com- 
ponents are  in  fact  the  shearing-strain  and  equal  to  the  weight; 
hence,  knowing  both  their  directions  and  their  vertical  components, 
we  can  find  their  amounts.  Thus,  the  resultant  strain  at  a  from  Wj 
may  be  found  as  follows : — ^Draw  a  vertical  line  ab,  equal  (by  a  scale 
of  strains)  to  W|,  and  draw  be  horizontally  till  it  meet  W|a  produced ; 
ac  is  the  required  resultant,  and  may  be  resolved  into  its  components 
in  bay  Q  and  diagonal  6.  The  strain  in  the  latter  may  next  be 
resolved  at  W^  in  the  directions  of  bay  D  and  diagonal  7.  The 
former  component  is  the  increment  of  horizontal  strain  at  the  apex, 
and  when  added  to  the  sum  of  the  preceding  increments  gives  the 
resultant  strain  in  D.  The  strains  in  the  other  parts  may  be 
obtained  in  a  similar  manner. 

900.  HsLAinple. — The  following  example.  Fig.  73,  in  which  the 
strains  have  been  worked  out  on  a  diagram  drawn  to  a  scale  of  5 
feet  to  one  inch,  will  be  found  useful  practice  for  the  student.  The 
projecting  portion  of  the  girder  is  40  feet  long,  and  10  feet  deep  at  the 
wall,  with  a  circular  lower  flange  which  has  a  horizontal  tangent  two 
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feet  below  the  extremity  of  the  girder.  Consequently,  the  versine  of 
the  arch  is  8  feet,  and  its  radius  104  feet.  The  load  is  uniform  and 
equal  to  one  ton  per  running  foot,  which  for  calculation  is  supposed 
collected  into  weights  of  10  tons  at  each  upper  apex  except  the 
outer  one,  which  has  only  5  tons,  or  the  load  which  rests  on  half  a 
bay.     The  strains  have  been  calculated  for  each  weight  separately. 


w. 

W, 

w. 

W4 

Uniform 
Load. 

MaT. 
Comp*. 

Max. 
Tension. 

1 

ToDflL 

+  127 

TonB. 

•  •• 

Tons. 

... 

Tons. 

Tons. 
+  127 

Tons. 
+  127 

Tons. 

••• 

* 

2 

-    8-0 

••• 

... 

-    80 

•*• 

—   8-0 

t£ 

3 

+    6-9 

+  19-0 

... 

+  24-9 

+  24-9 

••• 

as 

4 

-   0-8 

-    9-8 

.«. 

-10-1 

.•• 

—  101 

5 

+    0-2 

+   7-8 

+  14-0 

+  21-5 

+  21-6 

•  ■• 

6 

+   27 

—   11 

-  7-6 

—  6-9 

+   27 

—  8-0 

7 

—  2-3 

+   0-9 

+    6-3 

+  117 

+  16-6 

+  18-9 

—  2-8 

8 

+    81 

+    17 

—  2-8 

7-2 

—   6-2 

+    4-8 

—  100 

A 

—  117 

*•• 

••• 

•  •• 

—  117 

B 

—  241 

—  16-1 

••• 

••• 

—  40-2 

C 

247 

297 

—   9-9 

••• 

—  64-8 

i 

D 

—  21-6 

—  80-8 

—  18-5 

—   6-2 

—  7M 

b4 

E 

+  19-8 

••• 

•  •• 

... 

+  19-3 

F 

+  26-2 

+  25-2 

««« 

... 

+  60-4 

Q 

+  28-9 

+  81-8 

+  15-9 

•a* 

+  716 

• 

H 

+  21-4 

+  821 

+  21-4 

+  107 

+  85-6 

The  reader  will  perceive  that  the  strain  produced  in  bay'H  by  W4 
is  half  that  produced  by  W39  and  one-third  of  that  produced  by 
W),  and  in  general,  the  strains  produced  by  the  different  weights 
in  any  given  bay  will  be  sub-multiples  of  the  strain  produced  by  the 
most  remote  weight,  for  they  are  proportional  to  the  leverage  of  the 
weights  round  the  apex  above  or  below  the  given  bay.    This  check 
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on  the  accuracy  of  the  work  is,  however,  applicable  only  in  the  case 
of  a  single  system  of  triangulation.  The  strains  in  girders  of  this 
form  are  not  always  snch  as  might  perhaps  be  expected  at  first 
sight;  W|,  for  instance,  prodnces  compression  in  both  diagonals  6 
and  8,  and  in  bay  D  a  strain  of  less  amonnt  than  in  bay  C.  These 
apparent  anomalies  occur  when  the  resultant  at  the  lower  apex,  ae 
for  example,  passes  altogether  above  the  lower  flange. 

Ml.  liaitlee  seml-^irch — ^TrlannrnlAr  seml-n^lrder. — When 
two  or  more  systems  of  triangulation  are  introduced,  the  strains  in 
one  system  produce  strains  in  the  others  in  consequence  of  the 
curvtCture  of  the  arched  flange,  and  this  renders  the  calculations 
more  tedious  than  would  otherwise  occur.  This  remark  applies 
to  all  arched  girders  with  lattice  webs.  In  this  particular  case  the 
calculations  would  be  much  simpler  if  the  girder  were  triangular 
with  a  straight  lower  flange,  since  each  bay  would  communicate  its 
strain  directly  to  the  adjoining  bay  without  affecting  the  diagonals 
at  their  junction,  but  this  form  of  semi-girder  has  the  disadvantage 
of  being  somewhat  unsightly  in  appearance,  which  in  some  cases 
might  prevent  its  adoption,  whatever  merits,  and  they  are  con- 
siderable, it  may  possess  in  other  respects.* 

SM.  In¥erted  seml-areh. — ^When  head-room  beneath  is  re- 
quired, we  may  invert  the  girder  represented  in  Fig.  73,  so  that 
it  will  resemble  one-half  of  a  suspension-bridge.  By  so  doing  we 
change  the  strains  in  kind,  but  not  in  amount. 

*  A  luge  iron  swing  bridge,  a  drawing  of  wliich  appeared  in  the  lUuttrated  LoruJon 
iVtfira  for  October  12, 1861,  has  been  oonstmcted  at  Brest,  in  France ;  it  is  fonnod  of 
two  triangular  semi-girders  with  veitioal  and  diagonal  bracing. 


naaims('(]B]ra[i:^Taav  oblique      Ichap.  vii. 


—Frequent   modificationB 

l&'^^F^"^'"^^^^^*^lP  ^^  °^^  ndlway  stations  and 

.  -«■      .  "le^rt^.g^tigul   outline  and   lightness  of 

*^^^^|fb*^^ich  no  other  form  possesses 

[:  jS^mr^^Jk^^lEiniployed  for  bridges  where 

the    centre   than    at  the 

^'|f^|^§'-^4l'-^'°^^^''S'^'^  ^^^  strains  pro- 

~  *  "on   both  aides  of  the 

sustains.     When  the 

i^tli^^^^^P'^S  lo«^<  the  more  general 

■™"  ""  '"'  S|st^»^a^  to  each  weight  separately, 

^   ^       ^S^U^-^'it  case,  becomes  necessary. 

^i^^^4^>^i|ibffi£^>the  flanges  are  equal  and  of 

il£ti.£^|fecl^pon  the  central  depth  of  the 

^^^^^^d  of  moments  as  follows: — 


•^ge  to  flange  =  6H, 
<^k^of  gravity  of  each  half  load 

i^tre  of  the  girder, 
fgi^i^gof  the  lower  flange, 
■n>  _    ^  gf  the  upper  flange. 
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The  half  girder,  o&H,  is  held  in  equilibrium  by  the  reaction  of  the 
left  abutment  [  =  ~9  ) « ^7  ^^^  ^^^^  half  load  (which  we  may  conceive 

collected  at  ita  centre  of  gravity),  and  by  tfaisfhorizontal  strains  of 
compression  and  tension  at  b  and  H.    Taking  moments  round  each 

of  these  latter  points  succes|9ively ,  we  have  -^[a  —  /'  J  =  Trf  =  Cd ; 

whence, 

T  =  C  =  W(^-20  (131) 

4a 

This,  which  is  merely  a  particular  form  of  eq.  25,  proves  that  the 
strains  at  the  centre  do  not  depend  upon  the  height  of  the  lower 
flange  above  the  chord  line,  but  upon  the  depth  of  the  girder  from 
flange  to  flange.  The  method  of  calculating  the  strains  in  other 
part«  of  the  girder  consists  in  working  by  the  resolution  of  forces 
from  either  abutment,  whose  reaction  is  a  known  quantity, 
towards  the  centre.  The  following  examples,  which  have  been 
worked  out  on  a  diagram  drawn  to  a  scale  of  5  feet  to  one  inch, 
and  with  strains  represented  by  4  tons  to  one  inch,  will  explain  this 
clearly. 

904.  ExjMiple  1. — The  span  of  the  girder.  Fig.  74,  is  80  feet ;  the 
versines  of  the  flanges  respectively  10  and  16  feet;  both  flanges  are 
circular  and  each  flange  is  divided  into  equal  bays,  with  the  excep- 
taon  of  the  extreme  bays  of  the  lower  flange,  which  are  each  half  as 
long  again  as  the  other  bays.  The  load  is  supposed  equal  to  8  tons 
distributed,  so  that  each  apex  sustains  a  weight  of  one  ton ;  hence, 
the  reaction  of  each  abutment  equals  4  tons,  of  which,  however, 
half  a  ton  is  at  once  balanced  by  the  weight  of  the  first  half 
bay  of  the  roof  which  rests  directly  on  the  wall-plate.  Conse- 
quently, the  resultant  of  the  forces  in  A  and  E  =  3'5  tons  pressing 
downwards  on  the  wall.  Draw  ac  =:  3'5  tons,  and  draw  cd  parallel 
to  E  until  it  meets  A  produced.  The  lines  ad  and  cd  represent 
the  strains  in  A  and  E,  and  measure  by  scale  +  12*25  tons  and 
—  10*43  tons  respectively.  Next,  lay  off"  «/"  =  arf,  and  draw  fg 
vertically  equal  to  one  ton,  that  is,  equal  to  the  weight  at  the  first 
apex.     The  line  eg  is  the  resultant  of  the  strain  in  A  and  the  weight 
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at  Cj  and  the  strains  in  B  and  diagonal  1  are  its  components,  and 
can  therefore  be  found  by  resolving  eg  in  their  directions.  Similarly, 
the  resultant  of  E  and  diagonal  1  may  be  resolved  in  the  directions 
of  F  and  diagonal  2.  At  h  we  must  find  the  resultant  of  tliree 
forces,  viz.,  the  strain  in  B,  the  strain  in  diagonal  2,  and  the 
weight  resting  on  the  apex.  From  this  resultant  the  strains  in  C 
and  diagonal  3  are  derived,  and  so  on  to  the  centre.  The  follow- 
ing: table  contains  these  strains : — 


Bbacino,    . 

1 

2 

3 

4 

6 

6 

, 

Strains  in  tons,    . 

-2-4 

-1-06 

-1-36 

-0-91 

-1-04 

—10 

Flanoss,    . 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tons,    . 

+12S 

+13-6 

+181 

+12-9 

-10-4 

-11-7 

-12-2 

-12-2 

The  accuracy  of  the  work  may  be  checked  by  comparing  the 
strain  in  H  with  the  central  strain  in  the  flanges  obtained  by  the* 
method  of  moments.  As  the  distance  of  the  centre  of  gravity  of 
the  half  load  from  the  centre  of  the  girder  is  unknown,  the  most 
convenient  method  for  obtaining  the  leverage  of  the  weights  is  by 
accurately  measuring  on  the  diagram  the  distance  of  each  weight 
from  the  centre.  Doing  this,  and  taking  moments  round  the  centre 
of  either  flange,  we  have 

615  F  =  40  X  3-5  tons—  (314  +  216  +  111) 
whence,  the  strain  at  the  centre  of  either  flange, 

F  =  12-34  tons, 
in  place  of  12*2  tons,  an  amount  of  discrepancy  which  is  im- 
material. The  central  depth  by  which  F  is  multiplied  has  been 
'  obtained  by  measurement,  and  is,  it  will  be  observed,  slightly  in 
excess  of  6  feet,  arising  from  the  central  bay  of  the  lower  flange 
being  a  straight  line,  and  therefore  slightly  farther  from  the  upper 

flange  than  the  arc  of  which  it  is  the  chord. 

905.    Example  S. — FlaiiffCH§(traln«  meaiijr  aDlfbrn  with 
symnetric  loadfaiir* — The  girder,  represented  in  Fig.  75,  has  the 
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l^ing  example,  bat  the 

"li  Chapter  VI.     Each 

e  brace  is 


B'W3E9'tt*'w^SJ^P**^ery  alternate 

'  I  ■  •■:¥:-.  _ 


ich  apex  uf  the  upper 


jtter  fiange  equals  1 2'6 
Jf^|l°^^J|^S44t'^^^^  °^  momenta,  we 

'aB.V.--S-^'_^l^;^^Jgj  J[JJ^J  ^|,g  gti^ns  are 

t:S^eSfl<^^'^^  that  the  bracbg  has 

_  t«pi<fA'I^!i^Igi  crescent  girder  seems 

^21*^k|§S^5T;^cli.  with  the  exception 

.«.  *iii*ta'  -iif  •—  ■-■%»^  distributed. 

Uk&|«VBC«Bt  girder  when 
]^^&i«  titass  of  fftder  is 


g#»S»e^«i|g)]^  OBLIQUE 
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ttMJaB  Ai  iS^Dait  flanges,  in  which  case  it 
"■  -  —  -—■  ■"  t  the  girder  rest  on  two 
_  3  inner,  or  the  extremities 

I'M  Algg^^jj^fysiiot  say  how  much  pressure 
KHdJBlBdf  fa||MiSi9)ssure  on  any  one  leg  of  a 
L9l)^iCtS(w^tllfe%>^^i'  ^  ^^t  becomes  an 
Sn5*2Effi9^^'tvfi9ilSPB'°^7  "^  t^^  '"^^  ^  r^ards 


J  weight  W,  rest  upon 
p>|^^f^ij|^*^(^)^tl^>girder  into  segments  con- 
^'^r^^^il^laZ^^Jlic^^^.    On  the  principle  of  the 


'quantity  is  the  resultant  of 

obtained  from 
and  diagonal 
the  strain  in 
_....    —    .....  -        ^®  obtain 

■E^ilK''*^ ^^oo^^S^iiontal  increment  of  strain 
S  'S^^^i^i'^^'^^^  flange.  This  increment, 
"  R^  lSS*C't|«!<^S^4lS^*^tntin  in  G.    The  resultant 


S2i^^^^^b  the  resultant  of  those  in 
r  ^^i^i^^^I^mlKi^^^^rh^  derived  from  it,  and  so  on. 


.•»••»■•»'•*•"»■ 


B  must  tabolate  the  struns 
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prodaced  by  the  weight  on  each  apex  separately,  and  thence  deduce 
what  position  of  the  load  produces  maximum  strains.  It  will  be 
found  that  the  maximum  strains  in  the  flanges  occur  when  the  train 
covers  the  whole  girder,  and  that  they  are  of  nearly  uniform  mag- 
nitude throughout  each  flange,  while  the  maximum  stnuns  in  the 
diagonals  increase  as  they  approach  the  centre,  just  the  reverse  of 
what  occurs  in  the  webs  of  girders  with  horizontal  flanges.  The 
following  example.  Fig.  76,  will  illustrate  fully  the  mode  of  calcu- 
lating the  strains  in  this  important  form  of  girder.  They  have 
been  worked  out  on  a  diagram  drawn  to  a  scale  of  5  feet  to  one  inch. 
The  span  is  80  feet,  divided  into  8  equal  bays,  and  the  bow  is  a 
circular  arc  whose  versine  equals  10  feet,  but,  as  there  is  no  apex  at 
the  crown,  the  central  depth  of  the  inscribed  polygon,  measured  by 
scale,  equals  9'85  feet  in  place  of  10  feet.  The  load  is  supposed  to 
traverse  the  lower  flange  and  to  be  of  uniform  density,  equal  to  one 
ton  per  running  foot,  which  is  equivalent  to  10  tons  at  each  apex. 


w, 

w. 

w, 

W, 

w. 

We 

w, 

Uniform 
LowL 

Max. 

CompB* 

Max. 

Tens^ 

Tons. 

Tons. 

Tbxifl. 

Tons. 

TOIIB. 

Tons. 

Tozu. 

TOSB. 

Tons. 

Tons. 

1 

— 0-89 

—  0-8 

—  1-2 

-  1-8 

—  20 

—  2-8 

—  27 

—110 

••• 

—110 

2 

+0-28 

+  0-5 

+  07 

+  0-9 

+  M 

+  1-4 

-11-4 

—  6-6 

+4-8 

—11-4 

6 

8 

—0  66 

-  11 

-1-7 

-  2-2 

—  2-8 

-  8-4 

+  4-8 

—  70 

+4-8 

-11-8 

i 

4 

+0-51 

-f-  10 

+  1-6 

+  20 

+  2-6 

—  8-6 

—  4-8 

—  6-8 

+7-6 

—12-9 

& 

5 

-0-90 

—  1-8 

—  2-7 

—  8-6 

—  4-6 

+  47 

+  2-4 

—  6-4 

+71 

—18-6 

6 

+0-88 

-1-  1-8 

+  2-6 

+  8-5 

—  6-9 

-4-6 

—  2-8 

—  60 

+8-8 

—18-8 

7 

—1-40 

—  26 

-  4-2 

—  6-6 

+  4-2 

+  2-8 

+  1-4 

—  6-6 

+8-4 

14-0 

A 

+2-82 

+  6-6 

+  8-5 

+11-8 

+141 

+16-9 

+197 

+78-9 

B 

+8-08 

+  6-2 

+  9-2 

+12-8 

+16-4 

+18-6 

+21-6 

+86-8 

C 

+8-47 

-f-  6-9 

+10-4 

+18-9 

+17-8 

+20-8 

+10-4 

+88-2 

ft 

i 

D 

+4-11 

+  8-2 

+12-8 

+16-4 

+20-6 

+187 

+  6-8 

+820 

E 

+5-11 

+10-2 

+15-8 

+20-4 

+16-8 

+10-2 

+  61 

+81-8 

F 

— 2-62 

—  60 

—  7'6 

—10-1 

— 12-6 

—161 

-17-6 

—70-6 

Q 

—8-01 

—  60 

—  9-0 

—120 

—160 

-18-1 

—181 

—76-2 

H 

—8-62 

—  7-2 

—10-9 

—14-5 

—181 

-16-9 

—  7-9 

-78-1 

1 

—4-46 

—  8-9 

—18-4 

-17-8 

—171 

—11-4 

—  67 

78-8 
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On  examining  the  foregoing  table  we  observe  that,  when  the 
permanent  (uniform)  load  is  equal  to,  or  less  than,  the  passing  load, 
a  large  number  of  the  diagonals  require  counterbracing ;  in  this 
example,  for  instance,  diagonals  4,  5,  6,  7,  and  their  counterparts  at 
the  other  side  of  the  centre,  require  counterbracing.  If,  however, 
the  permanent  load  be  much  greater  than  the  passing  load,  it  may 
happen  that  the  diagonals  will  always  be  in  tension  and  thus  relieve 
the  engineer  of  one  difficulty  in  large  girders,  namely,  that  of 
providing  against  flexure  in  long  struts.  Hence,  the  bowstring 
girder  seems  well  suited  for  large  spans.  On  exainining  the  table 
we  also  find  that  all  the  intermediate  strains  are  multiples  of  those 
in  the  columns  under  either  W|  or  W^.  They  agree  also  in  sign 
with  their  sub-multiples.  This  arises  from  the  reaction  of  each 
abutment  being  directly  proportional  to  the  length  of  the  remote 
segment,  and  indicates  a  speedy  method  of  filling  up  the  table,  viz., 
by  calculating  on  a  diagram  the  stndns  produced  by  the  two 
extreme  weights  and  thence  deriving  those  due  to  all  the  inter- 
mediate weights. 

S09.  Calcolatton  by  moments. — ^When  there  is  only  one 

system  of  triangulation,  the  work  may  be  checked  by  calculating 

the  strains  in  some  of  the  bays  by  the  method  of  moments.     Thus, 

in  the  central  bay  E,  the  strain 

35x40—10x60      Q-^. 
r  = qt^t =  ol"2  tons  compression, 

a  close  approximation  to  the  amount  in  the  table,  as  the  discrepancy 
is  only  0*4  tons,  or  ^^yrd  of  the  whole.  Having  found  the  strains 
in  the  flanges  by  the  method  of  moments,  the  strains  in  any  pair  of 
intersecting  diagonals  may  be  found  by  decomposing  the  strains  in 
the  two  adjoining  bays. 

no*  Cnlfbrmly  dlstiibated  loadj  little  braeinur  required — 
Absolute  maximum  strains. — If  a  uniform  horizontal  load  be 
suspended  by  vertical  rods  from  a  circular  bow,  the  diagonal  bracing 
will  scarcely  come  into  action,  and  the  tension  throughout  the  string 
will  be  very  nearly  uniform,  for  a  small  arc  of  a  circle  differs  but 
slightly  from  the  parabola  which  a  chain  (inverted  arch)  assumes 
when  loaded  uniformly  per  horizontal  foot  (40).    In  this  case  the 


CHAP.  VII.]  OE  CURVED  FLANGES.  147 

horizontal  component  of  strain  is  nearly  uniform  throughout  the 
bow  and  equals  the  compression  at  the  crown,  or  the  tension  in  the 
string.     The  vertical  component  at  the  springing  is  equal  to  the 
half  load,  and  at  any  other  point  it  equals  the  half  load  supported 
above  the  level  of  that  point.    The  longitudinal  compression  at  any 
pomt  in  the  bow  is  the  resultant  of  these  horizontal  and  vertical 
components,  and  would  be  strictly  tangential  to  the  curve  if  it  were 
a  parabola,  t.«.,  the  curve  of  equal  horizontal  thrust  for  a  uniform 
horizontal  load.    The  bow  forms  a  considerable  item  of  the  total 
weight  of  a  bridge  of  large  span,  and  the  annexed  method  of 
calculating  the  strains  will  be  found  more  accurate  than  one  which 
supposes  the  whole  permanent  load  resting  on  the  lower  flange : — 
1^.  Calculate  the  maximum  strains  in  both  flanges  and  bracing 
produced  by  the  passing  load  of  greatest  uniform  density, 
as  already  explained. 
2^.  Calculate  the  strains  produced  by  the  permanent  load  which 
rests  on  the  lower  flange,  including  in  this  the  string,  road- 
way and  bracing.     These  may  be  obtained  by  proportion 
from  the  strains  produced  by  the  passing  load  when  the 
latter  covers  the  whole  bridge. 
3^.  Calculate  the  (nearly)  uniform  strain  produced  throughout 
the  bow  and  string  by  the  weight  of  the  former  (eq.  25). 
If  greater  accuracy  is  required  the  longitudinal  strains  in 
the  bow  may  be  obtained  by  the  method  explained  in  86. 
Having  these  arranged  in  a  tabular  form,  we  can  easily  find  the 
absolute  maximum  strains  which  each  part  sustains.     The  2nd  and 
3rd  of  the  foregoing  calculations  may  be  replaced  by  the  method 
described  in  the  preceding  case  for  calculating  the  strains  due  to  a 
permanent  load,  without  however  simplifying  the  operation  in 
practice. 

Sll.  8lBi;le  tiianirolatlon^  second  method  off  caleolation. — 

When  the  bracing  of  a  bowstring  girder  consists  of  a  single  system 
of  triangulation,  as  in  Fig.  76,  the  strains  may  be  calculated  by  a 
method  similar  to  that  described  in  109.  Suppose,  for  example, 
that  W,  alone  rests  upon^the  girder,  dividing  the  lower  flange  into 
segments  containing  respectively  m  and  n  bays ;  the  segment  abc  is 
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held  in  equilibrium  by  three  forces,  viz.,  the  reaction  of  the  right 
abutment,  the  horizontal  tension  at  c,  and  the  resultant  of  the  strains 
in  K  and  diagonal  10.  The  two  former  meet  at  a ;  consequently, 
the  third,  the  resultant  at  i,  passes  through  the  same  point  (9). 
Again,  since  the  lower  flange  is  horizontal,  it  cannot  convey  a  vertical 


pressure  to  the  abutment ;  hence, 


m 


m  '^^  n 


Wj  (=  the  reaction  of  the 


abutment,)  must  be  conveyed  through  the  bow  and  diagonals  to  the 
right  abutment,  forming  the  vertical  component  of  the  resultant  at 
each  upper  apex.     This  suggests  the  following  method  of  calculating 


m 


W,,  and  draw  de 


3> 


the  strains.    Draw  bd  vertically  equal  to 

•^    ^  w  +  n 

horizontally  till  it  meets  ba  produced ;  be  represents  the  resultant  at 

/>,  and  hence  we  can  find  its  component  in  K  and  diagonal  10,  or 

in  L  and  diagonal  IL     The  same  reasoning  will  apply  if  all  the 

apices  to  the  left  of  W3  are  loaded,  in  which  case  diagonals  10  and 

11  will  sustain  the  maximum  strains  of  tension  and  compression 

which  a  passing  train  can  produce  in  them.     At  the  several  apices 

in  the  bow  over  the  unloaded  segment  resultant  strains  will  be 

developed,  each  of  which  will  pass  through  a  and  have  the  same 

vertical  component,  viz.,  the  reaction  of  the  right  abutment,  provided 

there  be  but  one  system  of  triangles.     In  the  case  of  the  train,  bd 

W  I') 

_!I_  (1  +  2  +  3  +  4  + 5)  =  ^W,  since  there 
m  +  n  ^  o 


will  represent 


are  5  loaded  apices  in  the  left  segment  and  8  bays  in  the  span. 
This  operation  must  be  repeated  at  each  apex  of  the  bow. 

The  maximum  strains  in  the  diagonals  of  the  example  in  908 
are  calculated  by  this  method  and  are  given  in  the  annexed  table. 
They  agree  closely  with  those  previously  obtained : — 


DIAOOMAL8. 

Iftxifnam 
conpreaiiion. 

Vaxlmam 
tension. 

Tons. 

Tons. 

1 

■  •■ 

—  11  0 

2 

+  i'7 

—  11-4 

8 

+  4-8 

—  11-8 

4 

+  7-6 

—  12  8 

5 

+  M 

—  18-6 

6 

+  8-7 

—  13-6 

7 

+  8  4 

—  140 

.». 


l^^-;||pS'^13t¥^  <^<=<^'^^°g  ^'^^  strains' 

"~"*"{i  ig  flpii®  to  its  inverse— the  fiah- 

'S^|||Pfi^fi8^||[^fld§^'fflL  a  horizontal  flange  in 
t'w¥$li%»l/mASPSii/^'^'^^^'  compounded  of  the 
viUnfJjHff^gpviMkciDg,  such  as  the  Boyal 
'w^W^'  K^Mlra^  WjS^^  forms  are,  however, 
~^'~-~—  "*  ~  — '  and  beams  of  steam 
metimes  used  for  cross 


M^j^!^.9(^' j^'aL^EJfP  ABCH. 


'it*  tkc  krsc«d  arch. — 

not  a   girder,  since  it 

_,  ::^«^«butmentB    (1>),   but  it 

'^S^&S^IE  w^  t^^  investigatioQ  of  its 

^^^shapter.     In  the  braced 

ntal   and  supports  the 

subject  to  compression 

one   exerts   an 

In  this   respect  the 

'P'iiKC^I'S^l^'?^'^^  Bi^'i,  while  it  also 

sustaining  transverse 

^^i^j^W^^iho  pressures  agunst  the 

.2¥tl.ir_aa.£B.raT--„ljgQg.  eqQgj — since,  if 

[i^zceed  that  <^  the  other. 


'J^=^  lower 
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the  arch  will  move  towards  that  side  which  exerts  the  weaker 
thrust,  a  thing  manifestly  impossible.  We  may  therefore  conceive 
a  horizontal  tie  substituted  for  the  horizontal  reaction  of  the 
abutments,  and  the  arch  will  then  follow  the  laws  of  girders, 
exerting  a  vertical  pressure  only  on  the  points  of  support.  The 
principle  of  the  lever  (10)  is,  consequently,  applicable  to  this  form 
of  bracing,  and  hence  we  can  find  the  direction  and  amount  of 
the  thrust  against  either  abutment  for  each  position  of  the  load. 
Theoretically,  the  lower  flange  of  the  arch  represented  in  Fig.  77 
should  not  be  continued  across  the  crown  of  the  arch,  for  if 
it  were,  the  strains  in  every  part  would  be  uncertain,  since 
the  central  bay  of  this  flange  would  be  subject  to  tensile 
strains  of  indefinite  amount,  varying  with  the  load  and  tem- 
perature, and  modifying  therefore  to  an  unknown  extent  the 
horizontal  reaction  of  the  abutments.  To  illustrate  this,  let  us 
suppose  for  a  moment  that  the  reaction  of  the  abutments  is 
replaced  by  a  tie-bar;  we  then  have  three  unknown  horizontal 
forces,  viz.,  compression  in  the  top  flange,  tension  in  the  lower 
flange  at  the  crown,  and  tension  in  the  tie-bar ;  also  three  known 
vertical  forces,  viz.,  the  weight  and  the  vertical  reaction  of  each 
abutment.  Now,  it  is  evident  that  we  cannot  determine  the  three 
unknown  forces  by  the  method  of  moments  from  these  data,  and 
we  must  therefore  get  rid  of  the  difficulty  by  supposing  the  lower 
flange  discontinued  at  the  crown,  which,  indeed,  is  not  far  from  the 
truth  in  practice,  for  the  two  flanges  generally  merge  into  one, 
and  the  less  in  depth  is  the  line  of  junction  of  the  two  semi- 
arches.  I.e.,  the  depth  of  the  arch  at  the  crown,  the  nearer  will  the 
following  theory  and  practice  agree. 

Let  us  now  consider  the  effect  of  a  single  weight  Wg.  The  left 
semi-arch  is  subjected  to  two  forces  only,  viz.,  the  pressure  of  the 
other  semi-arch  at  the  crown  and  the  reaction  of  the  left  abutment 
at  a.  Since  equilibrium  exists,  these  forces  are  equal  and  opposite; 
consequently,  the  reaction  of  the  left  abutment  acts  in  the  direction 
aW4.  Again,  the  whole  arch  is  balanced  by  the  weight  Wg  and 
the  reactions  of  the  abutments.  The  weight  and  the  reaction  of 
the  left  abutment  intellect  at  b ;  consequently,  that  of  the  right 
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abutment  passes  through  the  same  point  (9).  Resolving  W^  in  the 
directions  ba  and  &c,  i¥e  obtiun  these  reactions,  and  once  they  are 
known,  we  can  work  from  the  abutments  towards  the  weight  by 
the  resolution  of  forces  and  thus  find  the  strains  produced  by  W^ 
throughout  the  arch.  Performing  similar  operations  for  each  weight, 
and  tabulating  the  results,  we  can  obtain*  the  maximum  strains  of 
each  kind  produced  in  every  part  of  the  structure. '  Those  produced 
in  the  arch  represented  in  Fig.  77,  by  weights  of  10  tons  at  each 
apex,  are  given  in  the  following  table.  The  arch  is  80  feet  in  span 
with  a  rise  or  versine  of  8  feet,  and  the  depth  measured  from  the 
springing  to  the  upper  fiange  is  10  feet.  The  upper  flange  is 
divided  into  8  equal  bays,  and  the  bracing  consists  of  a  series  of 
isosceles  triangles  of  which  these  bays  form  the  bases. 


w, 

W, 

w. 

W, 

W5 

w. 

W7 

Untform 
Load. 

Mix. 
CompB- 

Max. 

Teni"* 

ToD8. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

+8-2 

+  6-4 

+  9-6 

+127 

—  9-6 

—  6-4 

—  3-2 

+127 

+  81-9 

—19-2 

2 

—2-0 

—  4-0 

—  60 

—  8-0 

+  6-0 

+  4-0 

+  20 

—  8-0 

+120 

—20-0 

3 

+1-6 

+  3-0 

+  4-5 

+  5-9 

+14-5 

—  30 

—  1-5 

+24-9 

+29-4 

—  4-6 

6 

1 

4 

—0-07 

—  01 

—  0-2 

—  0-8 

—  97 

+  0-1 

+  0-07 

-10-2 

+  0-2 

-10-4 

5 

+0-05 

+  0-1 

+  016 

+  0-2 

+  71 

+13-9 

—  0-05 

+21-4 

+21-6 

—  01 

PQ 

6 

+0-7 

+  1-4 

+  2-1 

+  27 

—  8'2 

—  8-9 

—  07 

—  5-9 

+  6-9 

—12-8 

7 

—0-6 

—  1-2 

—  1-8 

—  2-8 

+  27 

+  7-6 

+12'8 

+16-6 

+22-5 

—  6-9 

8 

+0-8 

+  1-6 

+  2-4 

+  81 

—  0-6 

—  4-4 

—  8-0 

-  51 

+  7-9 

180 

9 

—07 

—  1-4 

—  21 

—  2-8 

—  0-4 

+  8-6 

+  6-8 

+  3-0 

+10-4 

7-4 

A 

+2-0 

+  4-0 

+  6-0 

+  8*1 

+24-0 

+16-0 

+  8-0 

+68-1 

+681 

••• 

B 

—11 

—  2-2 

—  8*3 

—  4-4 

+171 

+22-4 

+11-2 

+397 

+607 

—11-0' 

C 

—1-2 

—  2-4 

—  8-6 

-47 

+  8-8 

+12-6 

+11-3 

+16-8 

+277 

— n-9 

a 

D 

—0-4 

—  0-8 

—  1-2 

—  17 

+  0-8 

+  2-3 

+  4-2 

+  27 

+  6-8 

—  4-1 

E 

+4-8 

+  97 

+14-6 

+19-8 

—14-6 

—  97 

—  4-8 

+19-3 

+48-3 

—29-0 

F 

+6-8 

+12-6 

+18-9 

+26-2 

+  6-8 

—12-6 

—  6-3 

+60-4 

+69-3 

—18-9 

Q 

+6-0 

+120 

+18-0 

+28-9 

+18-9 

+  8-9 

—  60 

+717 

+777 

—  60 

H 

+6-8 

+107 

+16-0 

+21-4 

+16-0 

+107 

+  5-3 

+86-4 

+86-4 

•■. 
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914.  Straiiifl  in  the  braced  areh  loaded  symmetrieally  re- 
semble those  in  the  «eml-areh — ^Portions  of  the  flanffes  liable 
to  tensile  strains  ft*om  nneqnal  loading. — On  examining  the 
preceding  table  it  will  be  observed  that  the  stndns  produced  in  the 
right  semi-arch  by  W|,  W,,  and  W,  are  sub-multiples  of  those  pro- 
duced by  W4 ;  this  arises  from  the  circumstance,  that  the  reactions 
of  the  right  abutment  from  the  weights  on  the  left  semi-arch  act 
all  in  the  same  direction,  viz^  CW4,  and  are  proportional  to  the 
distance  of  each  weight  from  the  left  abutment.  Hence,  having 
calculated  the  strains  produced  by  W4,  .we  can  deduce  thence  the 
strains  produced  by  the  three  other  weights.  On  comparing  this 
table  with  that  in  900,  we  find  that  the  strains  produced  by  a 
symmetrical  load  in  the  diagonals  and  lower  flange  of  the  braced 
arch  and  semi-arch  are  identical.  If  the  weight  of  the  structure 
be  small  compared  with  that  of  the  moving  load,  some  of  the 
bays  may  sustain  tensile  strains  from  the  latter.  These  are  the 
end  bays  of  the  upper  flange  and  the  central  bays  of  the  lower 

flange. 

815.  Calenlation  by  moments — Calenlation  of  strains  in 
a  latticed  areh  Impraetlcables  except  irhen  the  load  is 
symmetrical. — ^When  there  is  only  one  system  of  triangulation, 
the  strains  may  be  calculated  by  the  method  of  moments  in  the 
manner  already  explained  in  900,  and  it  is  always  desirable  thus  to 
check  calculations  made  by  the  aid  of  diagrams.  When  there  are 
tw.  or  »»«  ^.em.  .f  L-gul^io.,  Zl  when  th,  -eb  U 
latticed,  the  strength  may  be  calculated  by  working  out  the  strains 
from  the  weights  towards  the  abutments,  provided  the  load  is  dis- 
posed symmetrically  on  each  side  of  the  centre,  but  when  the 
weights  are  distributed  in  an  irregular  manner  this  is  not  possible, 
and  accurate  calculation  seems  out  of  the  question,  for  then  more 
than  two  braces  meet  at  the  abutment,  and  we  cannot  say  how  the 
reaction  of  the  abutment,  when  decomposed,  is  divided  between 

them. 
916.  Flat  areh,  or  areh  with  horisontal  llaaires. — ^If  the 

radius  of  the  lower  flange  be  infinite,  both  flanges  will  be  horizontal, 

and  this  flat  arch  will  resemble  girders  of  the  ordinary  form.  Fig. 

57,  but  with  their  lower  flanges  severed  at  the  centre  so  as  to  exert 
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a  lateral  thrust  against  the  abutments.  When  the  load  is  uniform, 
this  thrust  will  equal  the  central  compression  in  the  upper  flange. 
This  modification  of  the  braced  arch  possesses  some  qualities  which 
merit  our  attentive  consideration.  In  the  first  place  the  quantity 
of  material  required  for  its  lower  flange  is  less  than  in  girders  of  the 
usual  form,  for  the  increments  of  strain  increase  a^  they  approach 
the  abutments,  and  it  is  therefore  more  economical  to  convey 
them  frorni^  than  towards^  the  centre ;  and  again,  the  heavier  parts 
of  the  lower  flange  are  near  the  abutments  instead  of  near  the 
centre,  which  is  a  matter  of  some  importance  in  very  large  girders 
whose  own  weight  forms  the  greater  portion  of  the  total  load. 

919.  IU0d  saspenslon  bridge. — ^When  inverted,  the  braced 
arch  becomes  a  rigid  suspension  bridge.  Other  modifications  might 
be  suggested,  such  as  the  crescent  girder  inverted,  with  a  horizontal 
roadway  suspended  beneath.  The  railway  bridge  over  the  Donau 
Canal  in  Vienna,  83'44  metres  long,  is  constructed  on  this  latter 
system.  There  are  two  suspension  chains  on  each  side  formed  of 
flat  links  and  equi-distant,  one  above  the  other,  with  bracing 
between;  a  trussed  platform  for  the  rails  is  suspended  beneath  by 
vertical  rods  in  the  usual  manner.  The  chains  being  «qui-distant, 
and  therefore  hung  from  four  points,  there  must  be  an  ambiguity 
in  the  strains,  as  already  explained  in  11(06. 

MS*  TwUmgmUur  ai«eh. — If  the  lower  flange  of  the  braced 
arch  be  formed  of  two  straight  bars  meeting  at  the  centre  like 
the  letter  A,  so  that  the  arch  becomes  two  braced  triangles,  the 
calculations  as  well  as  the  construction  will  be  much  simplified, 
especially  where  multiple  systems  of  bracing  are  employed.  This 
arrangement  has  some 'great  practical  merits,  its  chief  objection 
being  the  inelegance  of  its  outline,  which,  however,  will  be  an 
immaterial  objection  in  many  situations. 

910.  Cast-iron  arches. — The  spandrils  of  cast-iron  arches 
frequently  consist  of  vertical  or  radial  struts  without  any  diagonal 
bracing  whatever.  This  form  of  arch  resembles  the  common 
suspension  bridge  inverted ;  and  since  the  spandrils  do  not  brace 
the  flanges  together  so  as  to  change  their  transverse  into  longitu- 
dinal strains,  but  resemble  in  their  action  the  rungs  of  a  ladder 
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L^I^',9^£^£6L)^i«iMiake  the  flanges  sufficient!; 
|!lS^]»^il  ^gfiM  D^  transverse  strun  when  the 
^£''61 ''^'m' ^w  ^  P^^  outside  the  rib  or 

■N^'BSQSVtjrCO  'S^T'e,  iron  arches  with  vertical 
Q^^«|»k^4iij}^^  subject  to  vibration  and 


(lI«iSr^j£.B69[^   TRIANGLE. 

^|J^i^^Cg^.™«nn|-J?iK?Kommon  A  roof,  the  span  of 
|tll^^^ialS{'|v''SO^''R'''^  °^  rafters  is  kept  from 


.-jr.-i.-.r-  -ShSMS-.;..  '^'-T  :ai' 


.$. 


i^i/HiSS&t-iSi  lies  between  two  adjacent 

t^^S^^^tKl2^(^*f^ributed  over  each  pair  of 
&».s^>  '■'  '•*  '**  '**  '** 


exerting  a  lateral  thrust 
against  the  wall  by  a 
tie-beam,  which  is  often 
placed  a  few  feet  above 
the  wall-plate  for  the 
sake  of  the  head-room 
which  this  arrangement 
allows.        Consequently, 


'^1^'^'^'*^'^''^*'^  '^'^"^^'^"^^  ^  simple  truss 


't.«. 


:4^>  i^^»y above  the  tie-beam,  t.«.,  the 

,. r;":| 

jlv^t^vtSt^Si'^^^ove  the  wall-plates, 

'"  *•  '"'•^'^^^S;|t^uniformlydi8tributed weight 

^^^l^^tt^^ownwards  at  the  middle  of 

'^"%W^^'^%i^^  wall-plate,  (=  ^),  tha 
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horizontal  thrust  of  the  opposite  rafter  at  the  ridge  and  the  hori- 
zontal tension  of  the  tie-beam.  Taking  Ihe  moments  of  these  forces 
round  the  ridge,  we  have, 

2  2  2  4: 

whence,  T  =  — -j 

oa 

* 

By  taking  moments  round  the  foot  of  the  rafter  it  may  be  shown 
that  the  horizontal  thrust  of  the  rafters  against  each  other  at  the 
ridge  =  T.  This  investigation  of  the  horizontal  strains  in  a  simple 
trussed  girder  is,  it  will  be  perceived,  merely  a  repetition  of  that 
given  in  48  (eq.  25).  Each  rafter  is  subject  to  transverse  strains 
as  a  girder  and  to  longitudinal  compression  as  a  pillar.  The  trans- 
verse strains  are  produced  by  the  components  of  W  and  of  T  at 

right  angles  to  the  rafter.     The  former  =  -j«-distributed  uniformly. 

h  AZW 

The  latter  =  v,T  =  -^-^  applied  at  the  intersection  of  the  rafter 

and  tie-beam.  Hence,  the  transverse  strength  of  the  rafter  may 
be  calculated  by  eqs.  100  and  85,  or  perhaps,  more  conveniently  by 
eqs.  41  and  37.  The  longitudinal  component  of  W  compresses 
the  rafter  like  a  pillar,  and  accumulates  gradually  from  the 
ridge,  where  it  equals  cipher,  to  the  wall-plate,  where  it  equals 

AW  /T        /*\A/ 

-^.  The  longitudinal  component  of  T  =a  ^  =  r^^fl  it  com- 
presses that  part  of  the  rafter  which  lies  between  the  ridge  and 
tie-beam,  and  is  balanced  by  the  longitudinal  component  of  the 
thrust  of  the  opposite  rafter  at  the  ridge.  When  the  tie-beam  is 
placed  high,  for  the  sake  of  room  beneath,  d  is  shortened  and  T 
increased  in  the  same  proportion.  The  transverse  strain  and 
deflection  of  the  rafter  is,  however,  increased  in  a  higher  ratio, 
for  not  only  is  the  component  of  T  at  right  angles  to  the  rafter 
increased,  but  its  bending  moment  also,  in  consequence  of  its 
acting  nearer  to  the  centre  of  the  rafter  and  farther  from  the 
wall-plate,  which  acts  the  part  of  an  abutment.  When  rafters  are 
in  danger  of  sagging  from  their  great  length,  a  horizontal  collar- 
beam  is  attached  midway  between  the  ridge  and  the  tie-beam. 
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This  collar-beam  resists  the  tendency  of  the  rafters  to  approach 
each  other  and  is  subject  to  compression,  in  which  case  each 
rafter  is  a  continuous  girder  supported  at  both  ends  and  at  the 
collar-beam,  and  subject  to  a  transverse  pressure  from  the  roofing 

material  equal  to  -^  distributed  uniformly.   K  the  tie-beam  connect 

the  feet,  and  the  collar-beam  the  centres,  of  each  pair  of  rafters, 
f  ths  of  this  pressure  is  sustained  by  the  collar-beam,  the  remaining 
f  ths  being  supported  by  the  thrust  of  the  opposite  rafter  and  the 

reaction  of  the  wall-plate  (eq«  169),    Hence,  -5^  is  the  pressure 

against  the  collar-beam,  measured  at  right  angles  to  the  rafter; 
resolving  this  horizontally,  we  have  the  longitudinal  compression 

of  the  collar-beam  =z  -wot*    A  collar-beam  increases  the  tension  of 

the  tie-beam,  and  this  tension  may  be  found  when  the  strain  in  the 

collar-beam  is  known  by  taking  moments  round  the  ridge. 

The  foregoing  investigation  is  only  an  approximation  to  the 
truth.  The  longitudinal  strains  produced  in  the  rafter  by  the 
forces  acting  at  its  ends  will  modify  the  longitudinal  stridns  due  to 
the  transverse  forces,  and  an  accurate  investigation  would  be  very 
complicated,  if  not  altogether  impracticable,  for  we  cannot  say  how 
much  of  these  longitudinal  strains  pass  through  the  tension  fibres 
or  lower  side  of  the  rafter,  and  how  much  pass  through  its  compres- 
sion fibres  or  upper  side.  If  there  be  any  tendency  in  the  rafter  to 
sag,  the  probability  is  that  they  will  pass  altogether  through  the 
compression  fibres,  and  therefore  the  upper  side  of  the  rafter  should 
be  strong  enough  to  sustain  the  longitudinal  strains  produced  by 
the  end  forces  in  addition  to  the  longitudinal  strain  due  to  the 
transverse  components  of  the  load  and  tie-beam ;  but  in  general  it 
is  unnecessary  to  take  these  longitudinal  compression  strains  into 
consideration,  for  when  rafters  fail  they  commonly  give  way  on  the 
under  side  which  is  in  tension.  Of  course,  if  the  sag  be  very 
considerable,  so  that  a  line  joining  the  ridge  and  wall -plate  passes 
above  the  rafter,  the  longitudinal  compression  will  increase  the  strain 
in  the  tension  flange  in  proportion  to  the  versine  of  the  deflection. 


Il 


'i:i|^:«#ii 


'S>'^^>^y^^^^S«^^  a  dmple  form  of 

KlnlSlQ  lI'B  I^Teral  parte  may   be 

|^l^'>||'^i@l^'>  of  either  abutment 

iiw|8k'&l)3'4Bn|fe8    explained  in   the 

^f9i%S)>S^£i@^iiil^  ^7  ^^^  ^^  °^  ^ 

iSF^i'^i^'iS^'^mif^  and  with  a  scale  of 


i^^JSp^BS  8  feet,  and  the 

„     ':^  feet.     The  load   ia 

<|^ti|^>|^  ma^  substitute  its 

ly,  or  2  tons,  con- 

u^lf  a  bay,  or  1  ton,  at 

lutineDt  =  4  tone,  of 

^iigbt,  W,,  concentrated 

IVi^kC^^irectione  of  A  and  C, 

i^^:|D'35  tons  and  —  938 

trted  by  A  and  F,  and 

0-9  and  +  178  tone 

iM*c^4p  thrust  is  opposed  to 

-— '-'^-'  ■'      the  dif- 

itted  upwards  through 

rSa^iely,  the  tension  in  C 

|t,  and  decomposing  it 

I4|*-@!ve  the  strains  in  these 


..ig 


lIliL-'S' 


I4liifi{i# 

lii|ilt||r^: 
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itively.    The  following 
collected  form. 


f9  checked  by  the  method  of 

BOrces  acting  on  the  left  half- 

li^tnt  acting  upwards  and  the 

l^fiATards.     The  internal  forces 

Affgj/he  opposite  half-truBB  at  the 

'i^'od  below;  taking  moments 

iHd  in  the  tie-rod  T,  we  have, 

10)  =  T  X  J 

a  trtfltDg  error  of  06  tons 

^haced  triangle  suited  for  spans 

icSr  'gham^^l^  of  calculation  is  so  similar 

"e  is  unnecessary.     In  both 

>|^|>4I>^¥^4^^^'*K^  bracing  is  in  t«nsion,  and 

'^'''^Sltlli^cffc&seil  appearance. 


*.5(.  .3[i?.jj[.  .^.  .jj[.  -^.  .jj.  .jj.  .jj.  .jj. 


be  tued  for  spans 


'Mi 


tln^|B^tt^r%>  i^'l^'Sfltthe  Becondary  truaaing 

I|>lli^l||^?jiH!g&£tthan  in  the  figure,  so 
-_flB'5'ifi'-Sa*lS#lfc^g>e  of  the  type 
to  very  large  spans 
struns  have  been 
"Bie  resolution  of  forces 
(ifffcA^uis  the  most   satis- 


reepectively,  and  the 

the  upper  flange,  = 

,trated  at  each  of  the 

reaction  of  the  left 

!ZM||e  balanced  by  W,,  and 

ig^he  directions  of  A  and 

l^r^d  a  pull  of —  10  tons 

Supported  by  A  and  F 

[^of  on  isosceles  triangle, 

^i^jeach  =  +  2'24  tons; 

__    __  Hv^iird  thrust  to  +  8-95 

^Apv^s^t^^B,  while  the  thrust  in 

^^^^i^^uces  the  pull  in  D  so 

__      tted  through  E.    At 

l^^sftf  tons,)  added  to  the 

.^i^M^I^^vea   a  total  vertical 
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pressure  of  3  tons  at  this  apex ;  this,  when  resolved  in  the  directions 
of  H  and  B,  produces  a  tension  of —  2*83  tons  in  H  and  reduces 
the  upward  thrust  in  B  so  that  only  +  6*71  tons  is  transmitted 
through  C.  Resolving  the  downward  thrust  in  H  in  the  directions 
of  E  and  I,  we  obtain  a  pull  of —  2  tons  in  I,  to  which  should  be 
added  a  corresponding  pull  from  the  right  half  of  the  truss,  so 
that  the  total  tension  in  I  =  —  4  tons.  We  may  check  the 
accuracy  of  the  calculation  by  finding  the  strsun  in  C  by  the 
method  of  moments,  as  follows.  The  segment,  W,  Ca,  is  held  in 
equilibrium  by  the  external  bending  forces,  namely,  the  upward 
reaction  of  the  left  abutment,  the  downward  pressures  of  Wp  W, 
and  W3,  and  the  resisting  forces  in  the  structure  itself,  namely, 
the  thrust  in  C  and  the  various  forces  meeting  at  a;  taking 
moments  round  a,  and  measuring  the  distance  Ca  by  scale,  =  13*43 
feet,  we  can  find  the  thrust  in  C  by  the  following  equation, 
F  X  13*43  =  6  X  30  — (1  X  30  +  2  X  20  +  2  X  10) 
Where  F  represents  the  strain  in  C ;  hence, 

90 


F  = 


=  6*7  tons, 


1343 
or  nearly  exactly  the  same  as  before. 

The  following  table  gives  the  strains  in  a  collected  form. 


FlAHOBB  A5D  BbAOINO 

A 

B 

C 

D 

E 

F 

Q 

H 

1 

StninBin  tons. 

+11-19 

+8-96 

+671 

—10-0 

—8-0 

+2-24 

—1-0 

+2-88 

-4*0 

The  roofing  material  generally  rests  directly  on  laths  and  purlins, 
which  are  again  supported  by  the  upper,  or  oblique,  flange.  Con- 
sequently, unless  the  purlins  rest  directly  over  an  apex,  each  bay 
of  the  upper  flange  is  subject  to  a  transverse  strain  from  the 
pressure  of  the  purlins  which  cross  it,  in  addition  to  a  longitudinal 
thrust  which  it  sustains  as  a  member  of  the  truss,  and  its  strength 
must  be  made  sufficient  to  bear  this  double  strain.  It  will  be 
seen  hereafter  that  its  continuity  across  the  apices  adds  materially 
to  the  strength  of  the  rafter. 

The  arrangement  of  the  bradng  may  be  varied  so  as  to  put  the 


Wff  --f;!?!?!.*!'?' 


KQfflon,  and  sometimes 


|ln^3HliA;n>Af]^B£^  j|)ov  triangle  and  give 
I'nilaV  H  wtS  Wiinialies  the  effective 
^lH'<B'«^'&^SliS>!Ue  or  Bhortening  the 


"»ff!tfl^ 


Ij^^a^^knV^'^^^lnD  of  truss  is  gene- 

tiffptta&^'IM^^Bj^'g  resting  on  circular 

ig^i&-j£ti|ftiSa/l^m  Ah  other  at  the  centre 


i  '. 


i  crown  of  the  dome. 

I  strengthened  bj  a 

iema  some  ambiguity 

^  intersect  at  the  abut- 

3ie  latter  is  distributed 

^Vever,  the   matter  is 

^xtemal  forces  which 

^iiilibrium,  and  taking 

If  we  hare  the  moment 

1  moment  of  the 

-nword  momenta  of 

1  in  the  string,  and 

ittent,  we  can  readily 

gfi^^ghese  again  derive  the 

Jl^^^O^ijiample  will  illustrate 

^  ^  ^{^i^^latHh^Hdofa  diagram  drawn 
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to  a  scale  of  5  feet  to  one  Inch.  Let  Fig.  83  represent  a  suspension 
truss,  80  feet  in  ^pan,  5  feet  in  depth  from  the  crown  to  a  horizontal 
line  joining  the  wall-plates,  and  15  feet  in  total  depth.  The  bow 
is  divided  into  6  equal  bays,  and  the  secondary  truss  has  been 
formed  by  making  D  a  horizontal  line,  and  the  short  struts  Q  and  I 
parallel  to  the  radial  line  which  would  pass  through  the  centre  of 
B;  thus  A  =  B  =  C  =  E,  and  Q  =  i,  and  D  =  F.  Lettheweight 
of  a  sector  of  the  circular  roof  supported  by  the  half-truss, 
A  B  C  L  K,  =  9  tons,  which  is  divided  among  the  apices  in  pro- 
portion to  the  area  of  the  sector  supported  by  each  bay  and, 
assuming  that  the  sector  is  a  triangle,  we  shall  have  the  weights  at 
the  several  apices  as  follows : — 

Wi  =  2|  tons, 

w::^ :;  ^=»"«»- 

W,=    J    „ 

Since  Wj  rests  directly  on  the  wall-plate,  we  may  leave  it  out  of 
consideration  in  calculating  the  longitudinal  strains  in  the  truss, 
though  it  will  be  necessary  to  consider  it  subsequently  when 
calculating  the  transverse  strength  of  A  as  an  independent  girder 
supporting  directly  its  proper  share  of  distributed  roof-load.  The 
secondary  truss,  A  B  C  D  E  F,  is  held  in  equilibrium  by 
1^.  The  oblique  pull  in  the  tie  K, 
2°.  The  upward  reaction  of  the  abutment,  =  W,  +  W,  +  W4 

='6i  tons, 
3**.  The  downward  pressures  of  Wj  and  W,, 
4^.  W4,  the  thrust  of  the  central  strut  L,  and  that  of  the  opposite 
half-truss, — all  three  intersecting  at  the  crown. 
If  we  take  moments  round  the  crown  we  get  rid  of  the  three 
latter  forces,  but  to  do  this  we  must  find  by  scale 

the  leverage  of  K  round  the  crown  =  14'58  feet, 
do.  W,  do.  =  26-85  feet, 

do.  W3  do.  =  13-45  feet. 

Taking  moments  round  the  crown,  we  have  the 

^      .      .     fc.      6-25  X  40  —  (4  X  26-85  +  2  x  13-45)     ^  q«  . 

tension  in  K  = ^^ — n-T7i — — ^=7-93  tons. 

14*58 
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We  now  know  two  of  the  forces  meeting  at  the  abutment,  namely, 
the  upward  reaction  of  the  abutment,  =  6^  tons,  and  the  tension 
in  K,  =  7*93  tons.  Finding  the  resultant  of  these,  and  decom- 
posing it  in  the  directions  of  A  and  D,  we  find  the  compression  in 
A  =  +  21  tons,  and  the  tension  in  D  =  —  12*86  tons.  At  Wj 
four  forces  meet,  namely,  the  thrust  in  A,  the  weight  W,,  the 
thrust  in  Q  and  the  thrust  in  B.  As  we  know  the  two  former 
forces  we  can  find  their  resultant,  and  decomposing  it  in  the 
directions  of  Q  and  B,  we  find  the  strains  in  these  equal  to  +  2*25 
tons  and  +  20*44  tons  respectively.  At  a,  four  forces  meet,  namely, 
the  tension  in  D,  the  thrust  in  Q,  and  the  tensions  in  E  and  H.* 
The  two  former  are  known,  and  finding  their  resultant  and  decom- 
posing it,  we  get  the  strain  in  E,  =  —  9*6  tons,  and  that  in 
H,  ==  —  3'2  tons.  Proceeding  thus,  we  find  all  the  strains  which 
are  given  in  the  following  table. 


Flanobs  Ain>  Bracixo. 

A 

B 

C 

D 

E 

F 

Q 

H 

1 

K 

L 

Straina  in  tons. 

+  21 

4-20^ 

+17-06 

-13-86 

-9*6 

—  9-68 

+2-26 

-8-2 

+  1-U 

—  7-98 

+8-8 

The  compression  in  the  central  pillar,  L,  is  that  due  to  *both 
sides  of  the  primary  truss,  and  should  equal  the  vertical  resultant 
of  the  strains  in  the  tie  bars  K  and  K^  This  will  be  a  check  on 
the  accuracy  of  the  work.  This  form  of  truss  is  that  generally 
used  for  supporting  the  roofs  of  gasholders;  the  truss,  however, 
does  not  come  into  action  unless  the  holder  is  empty,  for  when  it  is 
charged  with  gas  (the  pressure  of  which  sometimes  reaches  5 
inches  of  water),  the  upward  pressure  of  the  gas  is  greater  than  the 
weight  of  the  roof  and  lifts  both  it  and  the  sides  of  the  gasholder, 
and  an  explosion  would,  no  doubt,  sometimes  occur,  were  it  not 
for  the  domed  shape  of  the  roof  which  resists  internal  pressure  like 
the  ends  of  an  egg-ended  boiler. 

*  The  diagonal  H  is  required  because  W,  exceeds  W,  ;  in  practice,  howeyer,  it  is 
generally  omitted. 
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CHAPTER  VIII. 


DEFLECTION. 


Class  1. — Girders  whose  sections  are  proportioned  so  as  to  produce 

uniform  strength. 

9M.  Deflcetton  evrre  Areolar  In  i^irders  of  nnlfbrm 
sirmirtli — ^Amoaiit  of  deilectioii  not  inateriaMy  affected  hj 
the  well. — The  equations  generally  used  for  calculating  the  deflec- 
tions of  loaded  girders  are  baaed  on  the  assumption  that  the  section 
of  the  girder  is  uniform  throughout  its  entire  length,  that  is,  that 
there  is  the  same  amount  of  material  at  the  centre  as  at  the  ends. 
In  scientifically  constructed  girders,  however,  this  is  not  the  case. 
Each  part  is  duly  proportioned  to  the  maximum  strain  which  can 
pass  through  it,  so  that  no  material  is  wasted ;  and  when  this  occurs 
in  a  girder  with  horizontal  flanges  and  a  uniformly  distributed 
load,  that  is,  the  load  which  produces  the  maximum  strain  in  the 
flanges,  these  latter  will,  as  has  been  already  shown  in  49,  taper 
from  the  centre,  where  their  section  is  greatest,  towards  the  ends 
as  the  ordinates  of  a  parabola.  The  ^rder  is  then  said  to  be  of 
uniform  strength,  because  the  unit-strain  in  each  flange  is  uniform 
throughout  the  whole  length  of  the  flange  and  no  part  has  an 
excess  of  material,  or  is  unduly  strained  beyond  the  rest  (19).  Now, 
as  the  contraction  and  elongation  are  according  to  Hooke's  law 
proportional  to  the  unit-strain,  so  long  as  it  does  not  exceed  the 
limits  which  are  considered  safe  in  practice  (9),  the  contraction  per 
running  foot  of  the  upper  flange  will  be  uniform  throughout  its 
length,  and  the  extension  per  running  foot  of  the  lower  flange  will 
likewise  be  uniform  throughout  its  length;  and  this  uniform 
contraction  and  elongation  must  produce  a  circular  deflection,  since 
the  circle  is  the  only  curve  that  is  due  to  a  uniform  cause.  At  first 
sight  it  may  be  thought  that  the  continuous  web  of  the  plate  girder, 
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or  the  braced  web  of  the  lattice  girder,  will  seriously  affect  the 
amoont  of  the  deflection  curve;  but  it  can  be  readily  shown  by 
carefully  constructed  diagrams,  in  which  the  alterations  of  length 
due  to  the  load  are  drawn  to  a  highly  exaggerated  scale,  that  the 
construction  of  the  web  has  scarcely  any  influence  on  the  curvature 
so  long  as  the  unit-strains  in  the  flanges  are  unaltered  in  amount  by 
the  method  of  construction,  and  it  is  only  when  this  is  the  case  that 
a  fair  comparison  can  be  instituted  between  the  rival  girders. 

Fig.  1,  Plate  I.,  represents  one-half  of  a  diagonally  braced  girder 
of  the  simplest  form,  namely,  a  girder  with  one  system  of  triangles 
before  the  load  rests  upon  it.  Every  part  is  then  in  its  normal 
state,  and  the  girder  will  be  horizontal.  Now,  suppose  that  a 
uniform  load  deflects  it  and  shortens  each  bay  of  the  top,  or  com- 
pression, flange  by  a  certain  quantity,  while  it  lengthens  each  bay  of 
the  lower,  or  tension,  flange  to  a  similar  extent;  and  further,  let  us 
suppose  that  the  diagonak  are  alternately  shortened  and  lengthened 
by  equal  amounts,  according  as  they  are  struts  or  ties.  Fig.  2  now 
represents  the  girder;  the  deflection  curve  forms  a  segment  of  a 
drcle  whose  centre  is  at  A,  a  little  to  the  left  of  the  vertical  line 
drawn  through  the  middle  of  the  ^rder.  Next,  suppose  that  the 
flanges  are  compressed  and  extended  as  in  Fig.  2,  but  that  the 
diagonals  remain  of  their  ori^nal  length  as  in  Fig.  1,  that  is,  that 
their  length  is  not  affected  by  the  load.  Fig.  3  is  the  result, 
which  it  will  be  perceived,  is  circular  and  differs  but  slightly 
from  Fig.  2,  having  its  centre,  however,  at  B,  in  the  vertical 
line  drawn  through  the  middle  of  the  girder.  It  may  at  firat 
seem  strange  that  A,  the  centre  of  Fig.  2,  is  not  in  the  vertical 
line  passing  through  the  middle  of  the  girdw.  This  is  due  to 
the  circumstance  that,  with  a  uniform  load,  the  two  central  dia- 
gonals, d  and  d\  are  subject  to  the  same  strain,  either  both  lengthened 
or  both  shortened,  while  all  the  other  diagonals  are  alternately 
lengthened  and  shortened.  Hence,  a  very  slight  angle  is  produced 
at  the  centre,  as  shown  in  Fig.  4,  where  the  flanges  are  unaltered 
as  in  Fig.  1,  while  the  diagonals  are  alternately  lengthened  and 
shortened  as  in  Fig.  2.  Conadeiing,  however,  the  exaggerated 
scale  of  the  diagrams,  Fig.  4  is  pracdcally  horizontal  when  compared 
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throw  the  centre  of 


ft»ft«hn^t>B^ tS^  interest'iDg  results ;  they 

ffS^^^^gf'Sf*Sl^  is  practically  independent  - 
ll|?tt^^^ri§rinost  entirely  due  to  the 
1^M&v¥tQ^I'iiit^o°  o^  ^^^  ^°^^<  Bange; 
"bcfi'l^llS^Ml^^ed  from  them,  viz.,  that 
'Cfi^Sffl^^  ig'the  nature  of  the  web, 
'"fiJ'BBcfB^Slll^  bars,  provided  that  the 

^USJlBtSv  HilBlfttti'flfly.  if  there  be  two  girders 
"  "jBA^63anpA&|in  Ho,  the  other  a  plate  girder, 
'"'^  '  ^n^t^^t^ithroughout  their  respective 

^^^^e  extent. 
F^^H'''^   '*'  drcalar   eorrcR — 
„  ■=,  ,^!^*^^:**"*"'  •*"*"«*  ¥«ri» 
^■gl^|Ei«H>I^:Brcum8tance  of  the  curve  of 
"^"slSi^'^SJi^iiig  circular  enables  us  to 

>^l^fi>>^*l^g  its  deflection. 
^r^pS«^^^iHSi*er  supported  at  both  ends 
S|b^ta^£SJ«||i^||luch  geaerally  occurs  when 


-A-  -S'  'P.'  'P.'  %:  ^  'P.- 


'  -$•  ;2; '■f'-S' "*"*' 
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Let    I  =  adb  =  the  length  of  the  girder, 
d  zz  de  =:  the  depth, 
R  z=  a/  =  the  radius  of  curvature, 
X  =  gel*  —  adb  =:  the  difference  in  length  of  the  flanges  after 

deflection, 
D  =  cd  =.  the  central  deflection. 
Since  the  deflection  is  very  small  compared  with  the  radius  of 
curvature,  we  may  assume  cf  =  af  zz  R,  and  ah  =  adb  =  l\  then 
{Euclid J  prop.  35,  book  iii.), 

D  =  ^. 
8R 

By  similar  triangles,  '^  ^  i 

whence,  by  substitution,       D  =  --  (132) 

8a 

in  which  the  value  of  X.  is  known,  as  it  depends  on  the  coefficients 
of  elasticity  of  the  flanges  and  the  strains  to  which  they  are  subject. 
This  equation  for  the  deflection  curve  confirms  the  previous  inves- 
tigation, for  the  depth,  dy  is  the  only  quantity  in  the  equation 
which  can  be  affected  by  a  change  in  the  length  of  the  diagonals, 
and  it  is  obvious  that  a  slight  change  in  the  value  of  d  wiU  not 
affect  that  of  D  to  any  appreciable  extent. 

It  follows  from  equation  132  that  when  similar  girders  sustain 
the  same  unit-strains  in  their  flanges,  their  deflections  will  vary 
directly  as  any  of  their  linear  dimensions. 

Ex.  1.  The  length  and  depth  for  calculation  of  the  Conway  tubular  bridge  are 
respectively  412  feet  and  237  feet,  and  it  appears  from  ex.  2  (44)  that  the  inch-strains 
in  the  lower  and  upper  flanges  at  the  centre  of  the  bridge  from  the  permanent  load  are 
5*067  tons  and  3*948  tons  respectiyely  ;  what  is  the  central  deflection  on  the  supposition 
that  the  flanges  are  of  uniform  strength,  which  is  yery  nearly  true  f  The  coefficient  of 
elasticity  of  wrought-iron  is  24,000,000  lbs.  s  10,714  tons  per  square  inch;  consequently, 
it  contracts  or  extends  -pfff  ^th  of  its  length  for  each  ton  per  square  inch,  and  we  have 
the  following  data : — 

;  rr  412  feet, 
d  =s  23*7  feet, 

10,714 

Answer (eq.  182).     D  =  ^  =  ?*I^ J^  =  -764  feet  =  9048 inches. 
^^        '  8rf        8  X  28-7 
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The  mean  deflecticm  of  the  two  tabee  immediately  on  remoral  of  the  platfoim  mm  8*04 
inches,  and  8  '98  inches  after  taking  a  pennanent  set  due  to  strain.  When  the  pennanent 
way  was  added  and  after  12  month's  nse,  the  deflection  of  the  second  tube  in  the 
month  of  Jannaiy  was  lO'S  inches.  The  deflection  in  hot  weather  would  doubtless  be 
somewhat  less.  The  deflection,  from  additional  weight  placed  at  the  centre,  was  *01104 
inch  for  each  ton.  {Clark,  p.  662.) 

Ex.  2.  The  length  and  depth  for  calculation  of  one  of  the  large  tabes  of  the  Britannia 
bridge  are  respectiyely  470  and  27*5  feet»  and  from  ex.  4  (44),  the  inch-strains  at  the 
centre  from  the  weight  of  the  tabe  as  an  independent  girder  were  5*795  and  4'856  tons 
in  the  lower  and  upper  flanges  respectively.  What  was  the  central  deflection  I  Usiiig 
the  same  coefficient  of  elasticity  as  before^  we  haye, 

<=  470  feet, 
d  =s  27'5  feet, 

X  =  ji??^  (5-796  +  4-856)  =  467  feet 

-iiMwcr  (eq.  182).  D  =  ^  =  ^^^ZA^  =  1  foot  nearly. 
^^        '  Sd       8X27-5  ^ 

The  mean  deflection  of  the  two  tubes  of  the  up  line,  immediately  on  removing  the 

platform,  was  11 '75  inches ;  the  mean  deflection  after  being  raised  was  12'57  indies. 

(Oark,  p.  678.) 

Ex.  8.  A  wrought-iron  girder  of  uniform  strength  is  84  feet  long  and  7  feet  deep. 
A  certain  load  produces  a  deflection  of  1*2  inches  at  the  centre ;  what  are  the  unit- 
strains  in  the  flanges  from  this  load !    From  equation  182,  we  have, 

/  84 

The  inch-strains  in  both  flanges  together  =  "^^  ^^*11^  —  S'^S  tons,  which  when 

^^      ^^  84  X  12  ^ 

divided  between  the  two  flanges  inversely  as  their  sectional  area%  will  give  the  inch- 

strain  in  each  flange  due  to  the  given  load. 


Class  2. — Girders  whose  section  is  uniform  throughovi  their  length, 

9M.  The  following  investigations  are  based  on  the  law  of  uniform 
elastic  reaction,  and  are  therefore  only  applicable  to  girders  whose 
strains  lie  within  the  limits  of  elasticity  (V). 
Let  W  =  the  bending  weight, 

M  =  the  moment  of  resistance  of  the  horizontal  elastic 

forces  at  any  given  cross  section  of  the  girder  (59), 
a  =  the  horizontal  distance  of  the  same  section  from  the 

left  abutment, 
y  =z  the  vertical  distance  of  any  fibre  in  the  section,  either 
above  or  below  the  neutral  axis, 
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j3  =  the  breadth  of  the  section  at  the  distance  y  from  the 
neutral  axis,  and  oonaequently  a  variable,  except  in 
the  case  of  reetai^ular  sections, 
/  =  the  hori«mtal  unit-strain  exerted  by  fibres  in  the  given 

section  at  a  distance  c  from  its  neutral  axis, 
e  =  the  distance  from  the  neutral  axis  of  horizontal  fibres 

which  exert  the  unit«train  /, 
I  =  the  moment  of  inertia  of  any  cross  section  round  its 
neutral  axis,  and  consequently,  a  constant  quantity 
throughout  the  whole  length  of  the  girder  when  the 
latter  is  of  uniform  section, 
R  =  the  radius  of  corvature, 
E  =  the  coe£5cient  of  elasticity . 
It  has  already  been  shown  (eq.  43)  that  M,  the  moment  of  the 
horizontal  elastic  forces  of  any  cross  section  round  its  neutral  axis, 
may  be  expressed  by  the  equation, 


=  il^'^y 


provided  the  horizontal  fibres  are  not  strained  beyond  their  limit 
of  elastic  reaction.     When  the   girder   is   of  uniform   section 

throughout  its  length,  the  integral  \  ^y^dy^  being  a  definite  integral, 

will  be  a  constant  throughout  the  girder,  and  as  it  happens  to 
express  the  moment  of  inertia  of  the  cross  section  round  its  neutral 
axis  (99),  we  may  substitute  for  this  integral  the  symbol  I,  when 
we  have 

M  =  ^1  (183) 

In  order  to  transform  this  equation  into  one  involving  the  co- 
ordinates of  the  deflection  curve,  we  must  substitute  for  the  three 
variables,  M,  /  and  c,  their  values  in  terms  of  the  co-ordinates  x 
and  y.    Let  us  first  deal  with  /  and  c. 

Fig.  85  represents  a  deflected  semi-girder,  whose  neutral  surface 

isNS. 

Let  aft  =  a  unit  of  length, 

^  and  V  =  the  increment  and  decrement  in  length  of  a 
linear  unit  of  the  extrome  fibros  after  deflection. 


[chap.  vm. 


jifi^S^^sUd  the  limits  of  elasticity, 
^fl^^U  moment  of  resistance. 


-s- 


CHAP,  VIII.]  DEFLECTION.  171 

the  deflection  curve,  which  may  be  derived  from  the  leverage  of 
the  weighty  observing  that  the  moments  of  forces  are  to  be  taken  as 
positive  or  negative  according  as  they  tend  to  compress  or  extend 
the  upper  flange.  To  efiect  this  substitution  we  must  consider 
each  case  separately,  and  after  integration,  the  value  of  I,  which  is 
a  different  constant  for  each  form  of  section,  may  be  obtained  by 
multiplying  the  values  of  M,  already  determined  in  (91)  and  the 

succeeding  articles,  by  ^  (eq.  133). 


CASE   I. — SEMI-GIBDEBS   OF  UNIFOBM  SECTION  LOADED  AT  THE 

EXTBEMITT. 

.  MO.   Let  W  =  the  load  at  the  extremity, 

I  =  the  length  of  the  semi-girder, 

a  =  the  abscissa  of  the  deflection  curve  measured 

from  the  fixed  end, 
y  =  the  ordinate  of  the  deflection  curve  measured 

downwards, 
D  =z  the  deflection  at  the  extremity, 
M  =  the  moment  of  resistance    of   the   horizontal 

elastic  forces  at  any  given  section,   whose 

distance  from  the  fixed  ends  =  a  (59), 
I  z=  the  moment  of  inertia  of  any  cross  section, 
E  =  the  coefficient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  section,  we 

have, 

M=— W(Z  — ;p) 

Substituting  this  in  eq.  135,  we  have, 

Elg,=Wa-.) 

Integrating, 

E  I  ^  =  W  [/a?  — ^)  +  constant. 

The  constant  =  0,  for  when  ^  =.  0,  -i^  also  =  0,  since  the  tangent 
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of  the  curve  is  horizontal  at  the  fixed  end.  Integrating  again,  and 
determining  that  the  new  constant  =  0,  from  the  consideration  that 
y  =  0  when  4;  =  0,  we  have, 

Ely  =  w(^-^)  (136) 

This  is  the  equation  of  the  deflection  curve,  y  being  the  deflection 
at  any  point  whose  distance  from  the  fixed  end  equals  x. 
At  the  extremity  where  ^  =  Z,  y  =  D,  and  we  have, 

EID  =  W? 

o 

whence,  n      WZ*  /loirv 

°  =  3ET  ^^^^ 

M9.  Solid  reetaninilar  seml-fflrders — ^Deflectton  of  0olld 
square  sl'^^iv  ^  ^1^^  Mune  with  the  sides  or  one  diagonal 
Tertleai. — ^Let  b  =  the  breadth  and  d  =  the  depth.    From  eqs. 

46,  133,  and  137, 

D  ^  w        •  (^^^> 

Comparing  eqs.  46  and  47,  we  find  that  the  deflection  of  solid 
square  girders  is  the  same  whether  the  diagonal  or  one  side  be 
vertical.    Their  strength,  however,  is  not  the  same  (86). 

Ex.  The  piece  of  Memel  timber,  deeoribed  in  Ex.  4  (60),  deflected  0'66  inch  from 
a  load  of  386  lbs.  hnng  at  its  extremity ;  what  is  the  iralue  of  E  f 

Here,    W  =  8861be., 
Z  =  24  inches, 
6  =  1-94  inches, 
(1  =  2  inches,- 
D  —  0*66  inch. 

Amwr  (eq.  188).    E  =  ^^  =  1,800,000 lbs. 

998.  Solid  round  seml-fflrdenk — ^Let  r  =  the  radius.  From 
eqs.  48,  183,  and  137, 

D  =  i^  (139) 

990.  Hollow  round  0eml-slrder0  of  nnlfimn  ihickness. — 

Let  t  =  the  thickness  of  the  tube,  supposed  small  in  proportion  to 
its  radius  r.    From  eqs.  50,  133,  and  137, 

D  =z  yfl-  (140) 
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MO.  Scad-girders  witii  parallel  flaaffcs. — ^When  the  web 
18  formed  of  bradng,  or  if  continuous,  is  yet  00  thin  that  we  may 
safely  n^lect  the  support  it  gives  the  flanges,  we  have  from  eqs. 
55, 133,  and  137, 

^  =  3^  <"•) 

where  A  =  aj  +  ^s  =  the  sum  of  the  areas  of  the  (wo  flanges,  and 

d  =  the  depth  of  the  web. 

When  the  web  is  taken  into  account  and  the  flanges  are  of  equal 

area, 

let  a  =  the  area  of  either  flange, 

a'  =:  the  area  of  the  web. 

From  eqs.  57, 133,  and  137, 

"  =  tS0V^  <'**> 

tSl.  Sqaard  tm%em  of  oalfiina  thlckaeM«  with  the  sides 
or  oae  diasroaal  vertical. — From  eqs.  59, 133,  and  137, 

where  h  and  h^  are  the  external  and  internal  breadths. 

If  the  thickness  of  the  tube  be  small  compared  with  the  breadth, 
we  have  from  eqs.  60,  133,  and  137, 

in  which  t  represents  the  thickness  of  one  side. 


CASE    II. — SEMI-GIRDEBS    OF    UKIFORM    SECTION    LOADED 

UNIFOBMLT. 

•  Let  I  =:  the  length  of  the  semi-girder, 

X  =  the  abscissa  of  the  deflecUon  curve  measured  from 

the  fixed  end, 
y  =  the  ordinate  of  the  deflection  curve  measured 

downwards, 
to  =  the  load  per  unit  of  length, 
}N  :=  wl  ^  the  whole  load. 


174  DEFLECTION.  [CHAP.  VIII. 

D  =  the  deflection  at  the  extremity, 
M  =1  the  moment  of  resistance  of  the  horizontal  elastic 
forces  at  any  given  section,  whose  distance  from 
the  fixed  end  =  x  (59), 
E  =  the  coefficient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  section,  we 
have, 

Substituting  this  in  eq.  135,  we  have. 

Integrating, 

E  I  _y  _.  —     n  —  xY  +  constant. 
ax  b  ^         ^ 

When  X  =  0,  -7^  =  0  also ;  hence,  the  constant  equals  -77- .     Substi- 
tuting this  value  and  integrating  again, 

E ly  =  32  (^  —  xY  •{ — ^  +  constant. 

Determining  the  second  constant  by  the  consideration  that  y  =  0 
when  J?  =  0,  we  have, 

Mi.         w  ,^        V.      wT?x      wV 

At  the  extremitv  where  a?  =  Z,  y  =  D,  and  we  have, 

"  -  8EI  -  8EI  ^^^^^ 

MS.  Deflection  of  a  seml-n^lrder  loaded  anirormly  eqaalo 
tbree-elffhths  of  Its  deflection  with  the  same  load  concen- 
trated at  lt0  extremity. — Comparing  eqs.  145  and  137,  we  see 
that  the  deflection  of  a  semi-girder  loaded  uniformly  is. to  its  deflec- 
tion with  the  same  load  concentrated  at  the  extremity  as  |.  Hence, 
to  obtain  the  deflections  of  the  various  classes  of  semi-girders  in  the 
case  of  a  uniform  load,  we  have  merely  to  multiply  the  formulas  in 
the  preceding  case  by  |,  recollecting  that  W  will  now  represent  the 
uniformly  distributed  load. 
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CAS£  III. — GIRDER8  OF  X7NIFORM  SECTION  SUPPORTED  AT  BOTH 

ENDS  AND  LOADED   AT  THE   CENTRE. 

9S4.  Let     /  =  the  length  of  the  girder, 

X  =  the  abscissa  of  the  deflection  curve  measured 

from  the  left  end  of  the  girder, 
y  =  the  ordinate  of  the  deflection  curve  measured 
downwards, 
W  =  the  load  at  the  centre, 
D  =  the  deflection  at  the  centre, 
M  z=  the  moment  of  resistance  of  the  horizontal  elastic 
forces  at  any  given  section  whose  distance  from 
the  left  end  =  x  (59), 
E  =  the  coeflicient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  section,  we 
have  «-       Wj? 

Substituting  this  in  eq.  135,  we  have. 

Integrating, 

^  .  dv  V/x^ 

E  I  ^^  =  —  —J H  constant. 

dx  4 

To  determine  the  constant,  we  must  recollect, that  the  tangent  of 
the  curve  is  horizontal  at  the  centre;  hence,  -^^  =  0  when  x  :=  -, 

and  the  constant  =:  -r— ;  substituting  this, 


dx 


=W-") 


Integ.ttting  agun,  and  observing  that  the  second  constant  =  0 
from  the  consideration  that  ^  =  0  when  x  =  0,  we  have, 

which  is  the  equation  of  the  deflection  curve. 
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At  the  centre  where  or  =  g,  y  =  D,  and  we  have, 

D  =  ^  (146) 

9S5.  SolM  recton^alar  irifders. — From  eqs.  46,  138,  and 
146, 

in  which  b  and  d  represent  the  breadth  and  depth  of  the  girder. 

Ex.  From  the  mean  of  five  experiments  made  by  Mr.  Hodgkinflon  on  Blaenavon 
cast-iron,  No.  2,*  it  appears  that  the  )>reaking  weight  and  ultimate  deflection  of  a 
rectangular  bar  18  feet  6  inches  between  points  of  support^  8  inches  wide  and  14  inch 
deep^  are  respectirely  819  lbs.  and  10*46  inches ;  what  is  the  value  of  the  coefficient  of 
transyerw  elasticity  at  the  limit  of  rapture ! 

Here,    W  =  819  lbs. 

I  =  18-5  feet, 

h  =  8  inches, 

d  =  1*6  inches, 

D  =r  10*46  inches. 

Am.  (eq.  147).  E  =   ^^  =     819  X  (18*5  X  12)»     _  8,200,000  lbs.  per  square  inch. 
^^         '  4DW»      4  X  10-46  X  8  X  (1'6)»        '      *  *^  ^ 

The  deflection  of  the  same  bar  when  loaded  with  260  lbs.,  which  was  within  the  limit  of 

elasticity,  was  2  inches.    What  was  its  coefficient  of  elasticity  within  this  limit  ? 

Hero,    W  =  260  lbs. 

D  =s     2  inches. 


Antwer. 


.     E  =  ???J<Jl?141|i;==  18,600,000  lbs. 
4  X  2  X  8  X  (l-6)» 


The  reader  should  be  informed  that  this  coefficient  of  transvene  elasticity  of  BlaenaTon 
iron  is  less  than  that  of  ayerage  cast-iron,  especially  when  mixed. 

•S6.  Solid  rovnd  girderm. — ^From  eq9.  48,  133,  and  146, 

in  which  r  represents  the  radius. 

M9.  Hollow  roond  i^lrden  of  vnlfbrm  thickness. — From 
eqs.  50,  133,  and  146, 

D  =  T^^  (149) 

in  which  t  represents  the  thickness  of  the  tube,  supposed  small  in 
proportion  to  its  radius  n 

*  See  R^aort  of  Com.  p.  69. 
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938.  Cvlrdcn  wtlh  iMmOlel  flaaffcfl.—  When  the  vertical  web 
is  formed  of  bracing,  or  if  continuous,  yet  so  thin  that  it  affords 
but  slight  assistance  to  the  flanges  in  sustaining  horizontal  stnuns, 
its  stiffness  as  an  independent  girder  may  be  neglected,  and  we  have 
from  eqs.  55, 133,  and  146, 

in  which  A  =  a|  +  a,  =  the  sum  of  the  areas  of  the  top  and  bottom 
flanges,  and  d  =  the  depth  of  the  web. 

When  the  web  is  taken  into  account,  and  the  flanges  are  of  equal 
area,  from  eqs.  57,  133,  and  146, 

in  which  a  =  the  area  of  one  flange  and  a'  =  that  of  the  web. 

M9.  I'he  deflections  of  girders  of  other  forms  of  section  may  be 
obtained  in  a  similar  manner  from  eqs.  133  and  146  by  substi- 
tuting for  M  the  corresponding  values  given  in  Chap.  IV. 


CASE  IV. — 01BDEB8  OF  UNIFORM  SECTION  SUPPORTED  AT  BOTH 

ENDS  AND  LOADED  UNIFORMLY. 

940.    Let  I  =  the  length  of  the  girder, 
w  =  the  load  per  linear  unit, 
W  =  tr/  =  the  whole  load, 
X  =  the  abscissa  of  the  deflection  curve  measured  from 

the  left  end  of  the  girder, 
y  =  the  ordinate  of  the  deflection  curve  measured 

downwards, 
D  =  the  deflection  at  the  centre, 
M  =  the  moment  of  resistance  of  the  horizontal  elastic 

forces  at  any  given  section  whose  distance  from 

the  left  end  =  x  (59), 
E  =  the  coefficient  of  elasticity. 

N 
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'[faking  moments  round  the  neutral  axis  of  the  given  section,  we 
have. 

Substituting  this  in  eq.  135,  we  have 
Integrating, 

When  ^  z=  ^,  -j^  =  0,  and  the  constant  becomes  -^  ;   substituting 
this, 


Integrating  again,  and  observing  that  the  second  constant  =  0 
from  the  consideration  that  ^  =  0  when  a?  =  0, 


which  is  the  equation  of  the  deflection  curve. 
At  the  centre  where  ^  =  j^,  y  =  D,  and  we  have, 

'^  =  384EI=384EI  ^^^^> 

941.  C^entral  deflection  of  a  girder  loaded  nnlfbrmly  eqaalo 
llTe-elirl^ili8  of  Its  deflection  with  the  same  load  €M>ncentrated 
at  the  centre. — ^Comparing  eqs.  153  and  146,  we  find  that  the 
central  deflection  of  a  girder  loaded  uniformly  is  ^ths  of  the 
deflection  if  the  same  load  were  concentrated  at  the  centre.  This 
has  been  corroborated  by  experiments  by  M.  Dupin  on  rectangular 
girders  of  oak.* 

9410.  Solid  rectani^nlar  i^lrders. — ^From  eqs.  46,  133,  and 
153, 

p.    5W^    ___    5WZ>  . 

"  32E6d»  -  32EM«  ^    ^ 

where  b  and  d  represent  the  breadth  and  depth  of  the  girder. 

•  Morin,  p.  140. 
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Comparing  eqs.  46  and  47,  we  find  that  the  deflection  of  solid 
square  girders  is  the  same,  whether  one  side  or  the  diagonal  be 
vertical.  The  former,  however,  is  theoretically  1*414  times  stronger 
than  the  latter  (86). 

MS.  Solid  romid  girders.— From  eqs.  48,  133,  and  153, 

96  Err*      96Ex7*  ^      ^ 

where  r  represents  the  radius  of  the  cylinder. 

944.  Hollow  round  girders  of  onllbnit  thlcluieMk — From 
eqs.  50,  133,  and  153, 

D  =      ^^^^      =  _5^_  a  56^ 

384ETr»i      384ETr»<  ^      ^ 

where  r  =  the  radius,  and  t  =z  the  thickness  of  the  tube,  supposed 
small  in  comparison  with  the  radius. 

945.  CSIrders  with  parallel  flangeik — When  the  web  is  formed 
of  bracing,  or  if  continuous,  yet  so  thin  that  its  strength  as  an 
independent  ^der  may  be  neglected,  we  have  from  eqs.  55,  133, 
and  153, 

P_      5Awl'      _     5AWP 

"  3»4 Ea^a^d^  "  3UEa,a^d^  ^^^^^ 

where  A  =  a^  +  ^9  =  the  sum  of  the  areas  of  top  and  bottom 
flanges,  and  d  =  the  depth  of  the  web. 

If  the  web  be  taken  into  accoimt  and  if  the  flanges  have  equal 
areas,  from  eqs.  57,  133,  and  153, 

■■  32  E(6a  +  a')d^  "  32  E{^a  +  a')d:^  ^^^^ 

where  a  =:  the  area  of  one  flange,  and  a'  =  that  of  the  web. 

1M6.  IHserepaaey  between  eoellleleDto  of  elasticity  derived 
from  direct  and  fron^  transverse  strain. — The  coefficients  of 
elasticity  derived  from  experiments  on  transverse  strain  do  not 
always  agree  with  those  derived  from  direct  longitudinal  tension 
or  compression ;  they  vary  also  with  diflerent  forms  of  cross  section, 
as  exhibited  in  the  following  table,  which  contains  the  coefficients 
of  transverse  elasticity  of  cast  and  wrought-iron  ^rders  of  the  moi*e 
usual  forms  of  cross  section. 
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Matsmal 


Value  of  E,  the  eoeffldent  of  tranfrene 
eUaticitj  per  sqiuune  inch. 


Gast-Ibov. 

1.  BeotADgular  ban  of  simple  oast-ironfl^ 

2.  Do.  do.     mixed        do., 

8.     Rectangular,  cireular,  or  elliptical  tabes,  . 

4.  Double-flanged  girders,      .        .        .        . 

Wbouobt-Ibov. 

5.  Doablo'flanged  rolled  beams,  for  floors,  &a, 

6.  Single-webbed  double-flanged  pUte  girders, 
riveted. 

7.  Tubular  plate  girders,        .        .        .        . 

8.  Conwaj  tubular  bridge,     .... 


lbs. 

15,200,000 
18,892,000 
12,216,000 
18,200,000 


16,860,000 

to 
21,570,000 

14,816,000 
28,610,000 
18,754,000 


tons. 

6,785 
8,434 
5,458 
5,898 


7,804 

to 
9,630 

6,891 

10,541 

8,372 


1.  Experimental  JReeearches,  p.  404. 

2.  8.  4.  6.  7.  8.  Morin,  pp.  260,  264,  269,  299,  822,  823. 
5.  Idem,  p.  293,  and  Mr.  W,  Andereon, 


•^5^^      ll*B|if*ii*i* 


'•&I9  jiK'^8'*S^^tf  ^^^'''""'S"  ''^  bearings,  or 

"\iib^ttl(^  gna^^^  "^  ""^'^  intermediate 

I  'S'h')IG^S3*'S'Si^V  ^  balanced  on  a  single 

*""^'  '*'^^^jS.Wwil»f  »  pair  of  scales,  the 


er  one  to  compression, 
£b|^«nvex  flange  uppermost. 
■-  'ST  «-  St  'S^'C^?^  **  '**  extremities,  the 
[lI^a^|u|^^ti[^:cjEtiges  are  reversed,  the 
'  ~  '  '  '  '  """le  lower  one  extended, 
i^k^^h^l^i^JE^eatb.  If,  while  in  this 
—i  ^'^{'''■'^^^^^^'^^Bt^'^'^^t^^^  ^  ^^  ^'^'™  '^^  spans, 
I'^'**^  =j  r^^^'^'^^^^^^^^l^'i'  <>^  ^^^  natm«  of  both 
SS*""?!*^'*^^*^*^^*^^^^^*"^  part  extended,  in  part 
'r  .^'^'^f^^S^'-^S^-^^^^'^''^  line.  Let  Fig.  HG 
Z  *^  "^"*>  ^^^^^^("I^^S^  *^i§imiforraly  loaded. 

*  *_  •-'  V"  ■«"»'  •»•  -jj.  -»•  :*■:  rss:^;  •»• 


independent  girder  in 

|!ii^^  a  jner;   the   extreme 

>nd  case,  since  one 

tthe  other  end  is  sup- 
8  snettuns  besides   its 
""  [:  suspended    from    eadi 
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extremity,  equal  to  the  half  load  on  each  of  the  end  segments. 
The  points  B,  B',  where  the  curvature  alters  its  direction,  are 
called  the  paints  of  eonirary  flexure^  or  more  briefly,  the  paints  af 
inflexion.  The  curves  of  the  end  and  central  segments  have 
common  tangents  at  these  points,  and  here  the  strains  in  the 
flanges  change  from  tension  to  compression,  and  vice  versa. 
Exactly  at  these  points  the  strains  in  the  flanges  are  cipher; 
consequently,  the  flanges  might  be  severed  there  without  altering 
the  conditions  of  equilibrium  in  any  respect.  In  fact,  a  continuous 
girder  nmy  be  regarded  as  formed  of  independent  girders  connected 
merely  by  chuns  at  the  points  of  inflexion.  In  braced  girders  the 
bracing  acts  as  the  chain,  in  others  the  continuous  web. 

948.  PaAslBir  load. — For  the  investigation  of  the  strains  in  a 
continuous  girder  it  is  necessary — ^first,  to  find  the  points  of  inflexion, 
and  afterwards  to  calculate  the  strains  in  the  separate  segments  on 
the  principles  already  laid  down  for  independent  girders.  A  passing 
load  complicates  the  question,  for  its  eflect  is  to  alter  the  position  of 
the  points  of  inflexion,  and  consequently  the  lengths  of  the  component 
segments ;  if,  for  instance,  a  passing  train  covers  the  left  span,  its 
deflection  will  be  increased  and  that  of  the  right  span  diminished, 
or  even  altogether  removed,  if  the  passing  load  be  suflSiciently 
heavy  to  lift  the  right  end  off  the  abutment  A^  The  effect  of 
this  partial  loading  on  the  points  of  inflexion  will  be  to  bring  B 
nearer  to,  and  remove  B^  farther  from,  the  central  pier,  and  this  is 
that  disposition  of  the  load  which  gives  the  greatest  length  to  the 
segment  AB;  it  is  necessary,  therefore,  in  the  case  of  a  passing 
load  to  find  this  new  position  of  the  points  of  inflexion  and 
calcnlate  the  strains  in  A  B  as  an  independent  girder  of  this 
maximum  length.  Of  course,  the  same  calculations  will  suit  BW 
when  it  is  of  maximum  length,  that  is,  when  the  right  span 
only  is  loaded.  The  central  segment,  B  B',  becomes  of  maximum 
length  when  the  load  is  uniformly  distributed  over  the  whole 
girder,  and  the  points  of  inflexion  have  to  be  determined  under 
this  condition  of  the  load  also.  Having  thus  calculated  the 
strength  of  each  part  when  subject  to  the  load  which  produces  the 
maximum  strain  in  the  flanges  of  that  part,  we  may  assume  that 
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there  is  suffident  strength  for  any  other  disposition  of  the  load, 

since  the  motion  of  the  points  of  inflexion  is  restricted  ivithin 

these  limits.    The  reaction  of  either  abutment  is  equal  to  half 

the  load  on  the  adjacent  segment;  thus,  the  reaction  of  the  left 

abutment  equals  half  the  load  resting  upon  A  B.    The  reaction  of 

the  pier  equals  the  load  resting  upon  the  central  segment,  B  B\  plus 

the  sum  of  the  reactions  of  the  two  abutments. 

949.  BxpotaiCBtal  ■leiliod  oT  flii41w  the  palate  •f  in- 
flexion— ^The  depth  of  a  i^lrder  does  not  aflTeet  the  position 

of  the  points  of  inflexion. — The  following  method  of  finding  the 
points  of  inflection  depends  partly  on  theory,  partly  on  experiment, 
and  is  applicable  to  continuous  girders  contuning  any  number  of 
spans.  Take  a  long  rod  of  clean  yellow  pine  or  other  suitable 
material  to  represent  the  continuous  girder,  and  let  it  be  supported 
at  intervals  correspon^g  to  the  spans  of  the  real  girder.  Next,  load 
this  model  uniformly  all  over,  or  each  span  separately,  or  in  pairs,  or 
make  any  other  disposition  of  the  load  which  can  occur  in  practice. 
Now,  it  is  clear  that,  if  the  model  and  its  load  be  a  tolerably 
accurate  representation  of  the  girder  and  its  load,  the  points  of 
inflection  of  the  former  will  correspond  with  those  of  the  latter; 
they  might  therefore  be  at  once  obtained  by  projecting  the  curves 
of  the  model  on  a  vertical  plane.  It  is  difficult,  however,  to  do 
this  so  as  to  determine  the  points  of  inflection  with  the  requisite 
accuracy,  for  the  exact  place  where  the  curvature  alters  is  never 
very  precisely  defined  to  the  eye.  The  pressures  on  the  points  of 
support  may,  however,  be  measured  with  considerable  accuracy, 
taking  the  precaution  of  keeping  them  all  in  the  same  horizontal 
line,  as  a  slight  error  in  their  level  would  seriously  affect  the 
curvature  and  lengths  of  the  component  segments.  We  shall 
assume  therefore  that  the  reactions  of  the  points  of  support  have 
been  thus  found  experimentally.* 

Let  Fig.  87  represent  a  continuous  girder  containing  any 
number  of  spans,  each  loaded  uniformly,  and  let  OfOjO^  &c.,  represent 

*  It  is  a  safe  precantioii  to  meaffore  the  prenarai  on  the  points  of  support  with  the 
rod  toned  npside  down  as  well  as  erect,  and  then  take  the  mean  measurement  as  the 
tmeresoltb 


lit    '^f* 


M^y^i'S^.ra'S^ai'lS^S*''  ****  racccMive  pointB  of 
-       .'^' *••',«?,  SS  !®^<S(wO"°<i  by  experiment, 
i&%      '^^m^  '8a't^li|gjj^lllltlie  successive  spans, 

''*''*ll'£^=I^^^^^lf'  cerbuD  parte  of  the  girder, 

•»-*^;j;;^§5§fed  in  the  figure, 
.  '^^^ii^^*if^^^  ^'^  segment. 
|f  tfi»i^^&  e^!^er  is  equal  to  half  the  load  on 

'^^^*--^'*flg6^5n5^li«a''5¥?''S^*f?*b^  first  point  of  infiexion 
^iif4^kS||j:(^ifi.  (jIm&c^u  frota  experiment. 

^(•|^^:«£^^4l^i||eiiual  to  the  load  resting  on 
jii|jS|gilXl*^'*v^Ag»tJon  of  the  first  abutment; 

"**"*"f^iifej?-'  (160) 

^i^>il^(>K<r4'|fii^Sl^^^ange  at  Q,  which  is  oow  a 

tj&El|Eio^i&«^SB^Ei|^  at  Q,  and  <f  =  the  depth 


marked  in  the  figure ; 
we  have, 


^^llf^^vft^KJiPS^Q  fro™  ^«  first  pier 
*^fi  iHf  •%«?.  Sim  ■  fi'S" 

"*  «i"r-i  —  "'"^a^^^iliat  the  depth  of  the 


[ft  v'^^'^H^' 

)*^.'^>^fll^6''^lB 'mi^**"  ^^  braced  girdere 

|^^i|g^g^-B/@)|gr  that  there  may  he  do 

''^laj^'^lSS^Sj^o  that  they   may,   if 

which  is  most  advan* 


fe.Sii»!B;^Br-S-  -S-  -S-  -S-  Sr  " 


.  ^j-  gjj^g^  capable  of  free 
uppose  that  the  point 
;i^t^  but  that  it  is  deairable 
:he  upper  flange  which 
[E^i.^g^^  place  of  compresdon. 
i^  at  b,  and  lowering  the 
[!tilSt3§^i|^i  80  as  just  to  separate 
*'  ^~'{lgQ]fi|%n  assume  the  condition 
a^)4§*$xtreniit7  hy  the  abut- 
in  diagonals  d  and  e. 
^IJt^d^I^'CompreaBion,  from  b  to 
-_  -v^.^^.™  Further, 
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the  operation  of  fixing  the  point  of  inflexion  in  the  upper  flange 
determines  its  position  in  the  lower  one  also,  for,  when  the  former 
is  severed  at  &,  the  only  horizontal  forces  acting  upon  the  seg- 
ment chf  are  the  strains  in  the  lower  flange  at  /  and  the  horizontal 
component  of  the  strains  in  diagonals  d  and  e*  This  component 
must  therefore  be  exactly  equal  and  opposite  to  the  strain  at  / 
otherwise,  the  left  segment,  chf^  will  move  either  to  the  right  or 
left,  since  by  hypothesis  it  is  free  to  move  horizontally  on  the 
abutment  (58).  Hence,  it  is  evident  that  the  point  of  inflexion 
in  the  lower  flange  is  not  far  from  /,  probably  not  farther  than 
the  adjoining  bay.  Its  position  is  determined  by  the  condition 
that  ike  horizontal  component  of  the  strains  in  tlie  diagonals  inter- 
sected by  a  line  joining  the  points  of  inflexion  in  the  two  flanges 
is  equal  to  cipher.  Thus,  by  leaving  any  particular  bay  in  one  of 
the  flanges  of  a  continuous  girder  of  two  spans  permanently  severed, 
we  have  the  point  of  inflexion  in  that  span  fixed  under  all  conditions 
of  the  load ;  and  when  this  is  determined,  we  can  find  the  strains  in 
the  flanges  over  the  pier,  and  thence  deduce  the  position  of  the 
point  of  inflexion  in  the  second  span.  If  the  severed  flange  be 
united  when  any  given  load  rests  upon  the  girder,  though  the  point 
of  inflexion  will  move  with  every  change  of  load,  yet  it  will  return 
to  its  original  position  whenever  a  similar  load  rests  on  the  girder 
in  the  same  position  as  when  the  flange  was  first  severed. 

If  there  be  three  spans,  the  central  span  may  have  both  points  of 
inflexion  fixed  independently  of  each  other,  and  these  agun  will 
determine  the  corresponding  points  in  the  side  spans.  The  operation 
is  safe  in  practice,  as  was  proved  at  the  Boyne  Viaduct,  where  the 
points  of  inflexion  in  the  centre  span  were  fixed  by  severance  in 
those  bays  in  which  theory  had  previously  indicated  their  probable 
existence.*  The  most  economical  arrangement  in  theory  for  the 
flanges  of  a  large  girder  of  one  span  uniformly  loaded  consists  in 
forming  points  of  inflexion  at  the  quarterHsjians.  In  this  case  the 
end  segments  of  the  upper  flange  must  be  held  back  by  land  chains, 
as  in  suspension  bridges,  while  those  of  the  lower  flange  exert  a 

*  Soe  DtKrifUom  of  th$  Boyne  Viaduct  in  the  Appendix. 


S^«^aiTtt^lPM|^^M^'"S  ^^^^  eemi-girders, 

^£-lb&'^J|^jg|^§|i>t  girder  suspended 


coDtinuous 


tHlr'fiStift^ifMrespectiDg 
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3iE£jglSi:^'«B^8ij(^|fl^tion  throughout  its 


^>^^S099g^^i^9^g^^8tVffi|EQnAL  SPANS,   EACH 
^1^^^^JB?'F''^iiP^^^^,'f     ,.  "^^^   LENGTH." 
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I  =  the  moment  of  inertia  of  an  j  cross  section 
round  its  neutral  axis,  and  conBequendy,  a 
constant  quantity  throughout  the  whole 
length  of  the  girder  when  the  section  of  the 
latter  is  uniform  from  end  to  end, 
E  =  the  coefficient  of  elasticity. 
The  forces  which  hold  the  segment  AP  in  equilibrium  are  the 
reaction  of  the  left  abutment,  R| ;  the  load  wx  uniformly  distributed 
over  AP;  the   vertical  shearing-strain  at  P,  and  the  horizontal 
elastic  forces  at  the  same  place.    Taking  the  moments  of  these 
forces  round  the  neutral  axis  at  P,  we  have, 

M  =  R,ar-^  (162) 

Substituting  for  M  its  value  in  eq.  135, 

Integrating  this,  and  determining  the  constant  by  the  consideration 
that  ■—-  =  to7i|3  when  ^  =  Z,  we  have, 


dx 


'(|-*«»^)  =  I(-'-^-^(-'-^*) 


Integrating  again,  and  determining  the  second  constant  by  the 
consideration  that  y  =  0  when  j?  =  0,  we  have, 

El  (jr-*te«^)  =  |(j*_?x)  _^(^_P;r]      (163) 

which  is  the  equation  of  the  deflection  curve  from  A  to  B. 

At  the  point  B,  ^  =  /  and  y  =  0 ;  substituting  these  values  in 
eq.  163,  we  have, 

ton^  =  2^(3W-8R»)  (164) 

Applying  a  similar  process  to  the  second  span,  and  remember- 
ing that  the  angle  ^  must  in  this  case  have  a  contrary  sign,  we 
have, 


J 
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Agun,  taking  moments  round  B,  we  hayet 

R,Z-l^  =  R.Z-^  (166) 

also, 

Ri  +  R.  +  Rs  =  (u'  +  «^'V  (167) 

By  solying  these  last  four  simultaneous  equations  we  obtain  the 
reactions  of  the  points  of  support,  as  follows : — 

R.  =  ^^^/  (168) 

Ri  =  ^  (w  +  «0  i  (169) 

R,  =  !!£l-!fi  (170) 

At  the  points  of  contrary  flexure  the  horizontal  forces  become 
cipher.  Hence,  the  distance  of  the  point  of  inflexion  in  the  left 
span  from  A  may  be  obtained  from  eq.  162,  by  making  M  =  0  and 
substituting  for  Rj  its  value  in  eq.  168,  as  follows: — 

'=^=^'       <"" 

Stroilarly,  the  distance  of  the  point  of  inflexion  in  the  right  span 
measured  from  C, 

^,^2R,^7w^^  (172) 

The  deflection  y,  in  the  left  span,  may  be  derived  from  eq.  163  by 
substituting  for  tan^  its  value  in  eq.  164,  as  follows: — 

The  value  of  I  for  each  form  of  cross  section  may  be  obtained 
from  91  and  the  succeeding  articles  by  the  aid  of  eq.  133. 

The  maximum  strains  in  the  flanges  occur  over  the  pier,  and  half 
way  between  the  abutments  and  the  points  of  inflexion,  and  when 
the  latter  are  known,  may  be  easily  determined  on  the  principles  laid 
down  in  the  second  and  fourth  chapters  for  calculating  the  strains 
in  independent  girders;  see  eqs.  12  and  23  for  girders  with 
braced  webs;  or  70,  82  and  107  for  girders  with  continuous 
webs. 


J 
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MS.  Both  »|Mui«  loaded  ullbnnly. — If  both  spans  have  the 
same  load  per  running  foot,  w  =  w'y  and  we  have 

Rj  =  R,  =  |«f  (174) 

Rj  =  |w/  (175) 

The  distance  of  each  point  of  inflexion  from  the  near  abutment, 

x  =  h,  (176) 

Ex.  Hie  Torksey  bridge  is  a  oontintioiiB  girder  bridge  in  two  eqnal  spans,  and  was 
erected  by  Mr.  Fowler  to  cany  the  Manchester,  Sheffield  and  Lincolnshire  Railway 
over  the  river  Trent.  Each  span  is  ISO  feet  long  in  the  dear,  with  a  double  line  of 
railway  between  two  double-webbed  plate  main  girders  with  cellular  top  flanges. 
These  main  girders  are  25  feet  apart,  with  single-webbed  plate  oross-girders,  14  inches 
m  depth  and  2  feet  apart,  attached  to  the  lower  flanges.  The  extreme  depth  of  each 
main  girder  is  10  feet.  The  depth  from  centre  to  centre  of  flanges  is  9  feet  4f  inches, 
or  -^th  of  each  span.  The  gross  sectional  area  of  each  top  flange  at  the  centre  of 
each  span  is  51  inches,  and  the  net  area  of  each  lower  flange  is  about  55  inches.  The 
thickness  of  each  side  of  the  web  at  the  centre  of  each  span  is  \  inch,  increasing  to  f 
inch  at  the  abutments  and  central  pier. 

The  load  on  each  span  of  130  feet  was  estimated  as  follows  : —  « 

Tons.        Tons. 

Rails  and  chairs, 8 

Timber  platfonn, 15 

Cross-girders, 27      )      177 

Ballast,  4  inches  thick, 85 

Two  main  girders,     ......      92 

w 

Rolling  load,  as  agreed  upon  by  Mr.  Fowler  and  Gi^pt. 

Simmons  (Govenmient  Inspector),    .        .        .       .195 


Total  distributed  load, 872  tons. 

The  strength  of  the  Torksey  bridge  as  a  continuous  girder  was  calculated  by  Mr. 
Pole  from  the  following  data  >— 

The  length  of  each  span  s  180  feet  =  1,560  inches. 

The  total  distributed  load  on  the  first  span  s=  400  tons,  or  for  each  girder 

200  tons. 
The  distributed  load  on  the  second  span  =  164  tons,  or  for  each  giider  82 

tons. 
The  coefficient  of  elasticity  is  taken  equal  to  10,000  tons  for  a  bar  one  inch 

square. 


i  •  A  .^  •£!  M  .^j  a '  •- 


,>die  loaded  apoo  ia  22  foot  11 
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j3  =  the  inclination  to  the  horizon  of  a  tangent  to  the 

curve  at  B  or  C, 
I  =  the  moment  of  inertia  of  any  cross  section  round 
its  neutral  axis,  and  consequently,  a  constant 
quantity  throughout  the  whole  length  of  the 
^rder  when  the  section  of  the  latter  is  uniform, 
E  =  the  coefficient  of  elasticity. 
It  can  be  shown  by  the  same  process  of  reasoning  as  that  adopted 
in  Ml  that  the  equation  of  equilibrium  for  any  point  P  in  the 
side  span,  AB,  is 

M  =  R.*-^  (177) 

whence,  as  before, 

The  equation  of  equilibrium  for  any  point  in  the  centre  span  is 

=  R^x  +  R^(x  —  l)  —  wlL—^^  —  j{x  —  l)^        (179) 

Substituting  for  M  its  value  in  eq.  135, 

Integrating,  and  determining  the  constant  by  the  consideration  that 
-J^  =  tonj3  when  a?  =  /,  we  have, 

+  R^l{a  —  l)  (180) 

which  is  the  equation  of  the  deflection  curve  from  B  to  C. 

Since  -^  =  0  when  a  =  nZ,  we  have, 
da 

tan^  =  ^{-^(«(«_1)«,  +  (.!L^Vj  +  !^(R,  +R.) 

-(n-l)R,}  (181) 

also 

R,  +  R,  =  /  {w  +  (n—  1)  tc'}  (182) 
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From  eqs.  178,  181,  and  182,  we  obtain  the  reactions  of  the  points 
of  support,  as  follows : — 

o        ,(l-5n  — 1125)ti?  — (w  — 1)W  ..^on 

R,  =  I 3^^— 2 (183) 

P    _  , (l'5n  —  0-875) t(;  +  (n»  —  2n  +  1  )w'  ..^.. 

The  distance  of  the  point  of  inflexion  in  either  side  span  from  the 
abutment  is  obtained  from  eq.  177  by  making  M  =  0. 

*  =  ^  (185) 

W 

The  distances  of  the  points  of  inflexion  in  the  centre  span  from  A 
are  obtained  from  eq.  179  by  making  M  =  0,  substituting  for  Rj 
its  value  in  eq.  182,  and  solving  the  resulting  quadratic,  as  follows : — 

s^l{n  +  \/„«_i  +  !^,_2R;l  (186) 

The  equation  for  the  deflection  of  the  side  spans  is  the  same  as 
eq.  173.  That  for  the  deflection  at  the  centre  of  the  centre  span 
where  a  =  nl,  is  obtained  by  integrating  eq.  180  and  determining 
the  constant  by  the  consideration  that  y  =  0  when  ^  =  /,  as 
follows : — 

Ely  =  g(2n»-3n«  +  l)  +  '^n-l)«-?l--|:-^»Z»(«»-3«  +  2) 

+  M  („  _  1)«  +  E  I  ton|3Z  (n  —  1)  (187) 

The  value  of  I  for  each  form  of  cross  section  may  be  obtained  from 
fl  and  the  following  articles  by  the  aid  of  eq.  133. 

954.  Three  spans  loaded  nDlfbrmly. — If  the  girder  be  loaded 
uniformly  throughout  the  three  spans,  w  =  to^  and  the  pressures 
on  the  point  of  support  become . 


Ii  z=  W  <  — 


_  3n»  +  ^  +  0125 
2 


2  — 3n 


(188) 


n»_^  + 0-125 
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The  distance  of  the  point  of  inflexion  in  each  side  span  from  the 
abutment  is  as  before: — 

n  =  ^  (190) 

The  distances  of  the  points  of  inflexion  in  the  centre  span  from  A 
are  as  follows : —  

,  =  z{n+N/«*-^*}  (191) 

If  the  radicle  in  eqs.  186  or  191  vanish,  there  will  be  no  strain 

at  Q,  and  the  centre  span  will  be  cambered  throughout.    If  the 

value  of  R}  in  eqs.  183  or  188  be  negative,  the  ends  of  the  girder 

will  be  lifted  ofl*  the  abutments,  owing  to  the  excess  of  load  on  the 

centre  span.* 

955.  Haxinam  strains  in  flanir^fl* — The  maximum  strains  in 

the  flanges  occur  as  follows : — in  the  side  spans  when  the  passing 

load  covers  both  side  spans,  leaving  the  centre  span  free  from  load; 

in  the  centre  span,  when  the  passing  load  covers  it  alone,  leaving 

both  side  spans  free  from  load;  and  over  either  pier,  when  the 

passing  load  covers  the  centre  span  and  the  adjacent  side  span, 

leaving  the  remote  side  span  free  from  load.    When  the  lengths 

of  the  component  segments  are  determined,  the  strains  in  the 

flanges  may  be  calculated  by  eqs.  12  and  23  if  the  girders  are 

diagonally  braced,  or  by  eqs.  70,  82  and  107  if  they  are  plate 

girders.     The  hypothesis  of  the  load  being  symmetrically  disposed 

on  either  side  of  the  centre  prevents  us  from  finding  the  points  of 

inflexion  when  the  segment  over  either  pier  is  of  maximum  length ; 

we  have,  however,  a  close  approximation  to  its  maximum  length  in 

the  case  of  a  passing  load  covering  all  three  spans,  and  if  desirable, 

a  small  extra  allowance  may  be  made  for  greater  security.    When 

the  maximum  length  of  the  segment  over  either  pier  is  thus  deter- 

mined,  the  calculation  for  the  strains  in  its  flanges  are  made  as 

indicated  in  previous  chapters,  recollecting  that  each  of  these  pier 

segments  supports  not  only  its  own  proper  load,  but  also  the  wdight 

of  half  the  adjoining  segments  with  their  load,  suspended  from  its 

extremities  by  the  vertical  web. 

*  The  reader  is  referred  to  the  description  of  the  Boyne  lattice  bridge  in  the  Appendix 
for  a  practical  example  of  the  application  of  the  foregoing  f ornralaa. 
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956.  Haximmn  stralmi  ia  web — ^JLinblffaity  In  ealcolatlon. — 

Though  we  obtain  by  these  means  the  maximum  strains  of  either 
kind  to  which  the  flanges  are  subject,  it  does  not  follow  that  we  have 
also  got  the  maximum  strains  in  the  web.     Let  o,  for  example,  in 
Fig.  90,  be  the  point  of  inflexion  when  the  segment  Ao  is  of  maximum 
length.     Now  this  segment  does  not  remain  of  this  maximum  length 
while  a  train  is  passing  from  A  to  B,  that  is,  while  the  maximum 
strains  are  being  produced  in  the  web  of  Ao ;  the  point  of  inflexion 
is  much  closer  to  A  when  the  train  first  comes  upon  the  bridge 
(especially  if  the  centre  span  happens  to  be  traversed  at  the  same  time 
by  another  train),  and  gradually  moves  forward  towards  B  as  the 
train  advances.    It  is  incorrect  therefore  to  calculate  the  maximum 
strmns  in  the  web  on  the  hypothesis  that  Ao  is  the  length  of  the 
segment  while  the  load  advances.    The  maximum  strain  in  a  diagonal, 
at  P  for  instance,  takes  plac«  when  the  load  covers  A  P,  but  the 
point  of  inflexion  is  then  really  nearer  A  than  the  point  o  is,  and  the 
maximum  strain  in  the  diagonal  at  P  is  therefore  greater  than  if  we 
assume  the  segment  constant  in  length  during  the  advance  of  the 
train.     A  similar  or  even  greater  uncertainty  occurs  in  the  centre 
span,  for  there  neither  end  of  the  segment  is  fixed. 

957.  Permanent  loadj  sheaiingHitrain. — ^When  a  continuous 
girder  supports  a  fixed  load,  the  strains  in  the  web  are  not  modified 
at  the  points  of  inflexion.  The  horizontal  strains  in  the  flanges 
change  from  tension  to  compression,  or  vice  versd^  at  these  points, 
but  the  vertical  or  diagonal  strains  are  transmitted  through  the  web 
just  as  if  no  points  of  inflexion  existed.  The  effect  of  contrary 
flexure  is  merely  this ;  the  horizontal  increments  of  strain  developed 
in  the  flanges  pull  from  the  piers  in  place  of  thrusting  towards  the 
centres  of  the  component  segments,  and  vice  versa.  Hence,  when  a 
continuous  girder  of  three,  five,  or  any  uneven  number  of  spans, 
is  symmetrically  loaded,  the  strains  throughout  the  web  of  the 
centre  span  are  the  same  as  if  the  centre  span  were  an  independent 
girder  supported  at  its  extremities.  This  perhaps  will  be  made 
dearer  from  the  conaideration  that  the  shearing-strain  at  any  section 
in  the  centre  span,  when  the  points  of  inflexion  are  symmetrical, 
is  equal  to  the  weight  between  the  section  and  the  centre  of  the 


196  CONTINUOUS  GIBDEBS.  [CHAP.  IX. 

span,  and  this  is  tbe  case  whether  there  be  any  point  of  inflexion 
or  not.  Thus,  the  shearing-strain  at  any  point/,  Fig.  90,  is  equal 
to  the  load  on  fo'  +  that  on  o'Q;  but  if  the  central  span  were  an 

ft 

independent  girder,  resting  on  abutments  at  B  and  C  and  uniformly 

loaded,  the  shearing-strain  at  /  would  equal  the  load  on  /Q,  that 

id,  it  would  be  the  same  as  before. 

95§.  AdTanta^es  of  oonttnalty — \ixi  desirable  fbr  small 
siians  wlih  iiassinip  loadSj  or  where  the  Ibandations  are 

iBseenre. — The  advantage  of  continuity  arises  from  two  causes ; 
first,  from  the  smaller  amount  of  material  required  in  the  flanges ; 
secondly,  from  the  removal  of  a  certain  portion  of  their  weight  &om 
the  central  part  of  each  span  to  a  position  nearer  the  piers.  The  latter 
is  but  a  trifling  advantage  in  continuous  girdersof  moderate  spans,  say 
under  150  feet,  which  support  heavy  passing  loads,  for  the  part  so 
removed  forms  but  a  small  proportion  of  the  total  weight.  In  the  case 
of  a  fixed  load,  however,  the  saving  from  this  cause  is  considerable ; 
but  when  the  load  is  a  passing  train  the  advantages  of  continuity 
are  liable  to  be  over-rated,  especially  in  girders  of  small  spans,  for 
on  a  little  reflection  it  will  be  evident  that,  when  the  points  of 
inflexion  move  under  the  influence  of  the  passing  load,  a  greater 
amount  of  material  is  required  than  if  their  position  remained 
stationary,  and  this  moreover  introduces  the  necessity  of  providing 
for  both  tension  and  compression  in  those  parts  of  the  flanges  which 
lie  within  the  range  of  the  points  of  inflexion ;  this  latter  objection 
is  perhaps  of  little  consequence  when  wrought-iron  is  the  material 
employed.  A  subsidence  of  any  of  the  points  of  support  of  a  con- 
tinuous girder  will  cause  a  change  of^strain  whose  amount  it  is  quite 
im{>ossible  to  foresee,  and  which  may  seriously  injure  the  structure 
or  perhaps  render  it  dangerous.  Hence,  continuous  girders  should 
be  avoided  where  the  foundations  of  the  piers  are  insecure.  In 
bridges  of  large  span,  where  the  permanent  load  constitutes  the 
greater  portion  of  the  whole  weight,  the  advantage  of  continuity  is 
very  considerable.  The  position  of  each  point  of  inflexion  alters  but 
little  with  a  passing  load,  and  a  considerable  portion  of  the  per- 
manent weight,  which  would  otherwise  rest  at,  or  near  the  centre, 
of  each  span,  is  brought  close  to  the  points  of  support. 


ON  IMBEDDED  AT  BOTH 
I^OBULT. 


...s.s...  -.»S^- 


*;   -r't/J»*X*^S*5*|l*S^^  iilrder*  n-ce  a(  the 

_.**?  '-^' 3KB*'E'w^!^^;^'^^^^Sf"''*  •"**>  *  wallaoaatobe 
r;^  '*^j^^if^^||!^|§*^  41*^^1°-^  girder  at  its  intersection 
'  ^-  Er^«v^^Ai-£i'l*^ui|Eit£^«g>^||i£^J^^  closel;  resemble  those 
Z'^*-«|^*^«^:l^'^a^^i^<M£'l§»°t)nuou8  girder  of  three 
^  J^'^V^'S'^^w^Wff^^t^e  tangents  over  the  piera 

'r3Trft'S'-5»^a;fW^*'SS'^S'<^^*i^e  horizontal  elastic  forces 
**'  !t'**}«^^*^^^>^^Hrder  with  the  wall  (09), 
*«^^^wI&*^^'^^P^^|b^^^3  horizontal  elastic  forces 

^^^^^a^<!4|*^|M|!fr^IJgS^^^  from  a  as  ongin, 

'*  '^''^^^^rk^«%^49ltii)!i!£'^^'  cross  section  round  its 

|^b|pDgpiS;^^!^|^SDnstaDt  =  0  from  the  con- 

„,„ ..sg^^f  J«f ' ' 


's-;»:i:w:f  M'j 


'='{1 
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Making  a:  =  Z,  we  have  -^  i=  0,  and 

12 

Substitating  this  value  in  eq.  192,  we  have, 

At  the  points  of  inflexion,  M  =  0,  and  we  have  x*  —  /j?  +  ^  =  0, 

whence, 

-^]  =  -211/  or  -789/  (193) 

vl2/ 

The  length  of  the  middle  segment  =  '578Z,  and  if  the  girder 

be  a  flanged  girder,  the  central  strain  in  either  flange  (eq.  25) 

=  ^ — rj-j =  — ztj —  =  zTTjf  in  which  a  =  the  depth  of  the 

oa  oa  zM 

girder.    This  central  strain  is  just  Jrd  of  what  it  would  be  were 

the  ends  merely  resting  on  the  wall,  in  place  of  being  built  therein. 

From  eq.  12,  we  find  that  the  strain  in  either  flange  at  the  wall 

wP 
=  y^y  which  is  just  double  the  strain  at  the  centre  of  the  flanges, 

and  §rds  of  what  would  be  the  central  strain  from  the  same  load 
if  the  girder  were  merely  resting  on  the  walls.  From  this  it 
follows,  that  the  strength  of  a  girder  of  uniform  section  imbedded 
firmly  at  both  ends  and  loaded  uniformly  is  theoretically  once  and  a 
half  that  of  the  same  girder  merely  supported  at  the  ends,  and  that 
the  points  of  greatest  strain  are  at  the  intersections  with  the  wall. 


CASE   IV. — GIBDERS  OF  UNIFORM  SECTION    IMBEDDED  AT  BOTH 

ENDS  AND  LOADED  AT  THE  CENTRE. 

960.  Strain  at  centre  theoretically  one-haU;  and  stren^h 
theoretically  twlccj   that  of  i^lrders  fk-ee   at  the  ends. — 

Let  W  =  the  load  at  the  centre  of  the  girder,  and  let  the  other 
sjrmbols  remain  as  before. 

Taking  moments  round  P  (eq.  135), 

M=_Elg  =  ^«_M'  (194) 
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Integrating,  and  determining  that  the  constant  =  0  from  the 
consideration  that  ^  =  0  when  ^  =  0, 

dx  4 

Making  ^  =  ^,  we  have  ^  =  0,  and 

Substituting  this  value  in  eq.  194,  we  have, 

At  the  points  of  inflexion  M  =  0,  and  we  have  their  distance 
from  the  walls, 

«  =  I  (195) 

The  length  of  the  middle  segment  =  ^,  and  its  central  strain  is 

just  \  of  what  it  would  be  if  the  ends  of  the  girder  were  not 
imbedded  in  the  wall  but  merely  resting  thereon.  The  strain  at 
the  wall  also  is  equal  to  the  central  strain;  consequently,  the 
strength  of  a  girder  of  uniform  section  imbedded  firmly  at  both 
ends  and  loaded  at  the  centre  is  theoretically  twice  that  of  the 
same  girder  merely  supported  at  the  ends.  Mr.  Barlow's  experi- 
ments on  timber,  however,  do  not  corroborate  this  theory,  as  he 
found  the  strength  of  an  imbedded  beam  loaded  at  the  centre  to 
be  only  1^  times  that  of  a  free  beam,  and  fracture  always  took 
place  at  the  centre,  the  ends  being  comparatively  little  strained.* 
Our  theory  is  doubtless  defective  in  supposing  that  the  horizontal 
fibres  at  the  'wall  are  in  the  same  state  of  strain  as  if  the  girder 
were  really  a  continuous  girder  in  three  spans,  for  in  the  latter 
case  the  girder  is  bent  downwards  in  each  of  the  side  spans, 
whereas,  when  imbedded  in  the  walls,  the  ends  which  correspond 
to  these  side  spans  are  horizontal,  and  consequently,  the  points  of 
inflexion  are  really  nearer  to  the  walls  than  in  a  truly  continuous 
girder. 

*  Strength  of  Materials,  pp.  82,  186. 
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ISI£;i\a:l: 


^^jUi^i'H'^''^'^'^^^''  ^ 


[  EXTREMITY,  ISOSCELES 


1^^^^: .». .«. .«.  .i. ..«. 

~  ~    '  l^lstt^iit^Si;)^)^^!^^  with  a  Tertical  line, 

„,,  ..  .^^S^^*p*^wt9|&l^l '°  ^^^  diagonals, 
Hs^*St*'^-gS'^t^^'^|^^  i°  either  flange. 
^S^£--£*-M->$>-'^4^'i^i(^l  quantity  of  material 
rk|hiqjpl%T)r  the  diagonal  bracing  is 
Cc^^S^sSB^B  ^"™  o^  ^^  products  or 
'.C^^^K  and  section  of  each  brace. 
I><^ii^l|^  triangles  are  isosceles  and 
Vk^rlp^s  a  single  weight,  the  sec- 
h*^I^S^*fs*>po''t><>°^  (^  ^^^  strain,  is 
•li^'^^i^^ot  all  the  diagonals,  and 
'•*!!*  ^^^7  of  material  is  therefore 
i'i^u^cl^e  product  of  their  aggre> 
'  Sb^S'*^!^^  ^^  th^  common  section. 
'^^f^ii^iTB,  Fig.  92,  is  equal  in 
;;t^i^^4§>the  sum  of  the  several 
t^^^KH^  expressing  its  length  in 
C*^|t]i||<^^nd  B,  we  have 

^^^4lv<^1d'^a^^o  the  total  etrain  paaaing 
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through  it  divided  by  the  unitrstrain,  =  — ^ —  (eq.  110).  Multi- 
plying this  by  the  foregoing  value  for  the  length,  we  have, 

Q  =  -TT-  secO .  cosecO  (196) 

969.  Flanges. — ^The  quantity  of  material  in  the  flanges  is  most 
conveniently  deduced  fix>m  the  principles  stated  in  Chapter  II.  as 

WZ 

follows: — The  sectional  area  of  either  flange  at  the  wall  =  -p 

(eq.  7),  and  when  the  girder  is  of  uniform  strength  gradually 
diminishes  towards  the  extremity  as  the  ordinates  of  a  triangle  (90). 
Hence,  the  quantity  of  material  in  one  flange  equals  its  sectional 

area  at  the  wall  multiplied  by  ^,  and  we  have, 

WZ* 

Q' = s;  (197) 


CASE  II. — SEMI-GIRDERS  LOADED  UNIFORMLY,   ISOSCELES 

BRACIK6. 

96S.  Web«  length  eonteinliiff  a  whole  nomlier  of  hajn. — 

Let  W  =  the  total  weight  resting  on  the  girder, 

n  =  the  number  of  bays  in  the  longest  flange,*  supposed  a 
whole  number,  and  the  other  symbols  as  in  Case  I. 
When  the  bracing  is  formed  of  isosceles  triangles  the  length  of 
one  bay  equals  2(2.tond,  whence, 

I  =  2nd.tane.  (198) 

The  quantity  of  material  that  the  weight  at  any  given  apex 

would  require  in  the  bracing,  if  it  alone  were  supported  by  the 

girder,  may  be  obtained  from  eq.  196  by  substituting  for  W  and 

I  the  load  resting  on  the  apex  [  =  —  U  and  the  distance  of  the  weight 

from  the  wall.  The  quantity  required  for  the  whole  load  is  equal 
to  the  sum  of  the  quantities  required  for  the  separate  weights. 
Hence,  recollecting  that  the  weight  on  the  last  apex  equals  half 
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that  on  each  of  the  other  apices  (144),  we  have,  when  there  is  no 
half  bay  in  the  length,  that  is,  where  n  is  a  whole  number, 

Q  =  ^  2d.tan0 1(1  +  2  +  3  +  . . .  n)  —  ^XaecO.cosece 


W 

=  -^nd.tanO.secO.coaecO, 


Substituting  for  nd.tanO  its  value  in  eq.  198,  we  have, 

WZ 

GL=z^8ece,co8ece  (199) 

264.  Web^  leni^h  eontalnlnir  a  half-bay. — ^When  the  length 
contains  a  half-baj,  the  quantity  of  material  in  the  bracing,  derived 
from  eq.  196, 

GL  =  ^  aece.coaecO  +  ^  sec^e.tanO.  (200) 

965.  Flaai^es. — From  eq.  11  the  area  of  either  flange  at  the 

wall  =  ^-^,  and  diminishes  towards  the  extremity  as  the  ordinates 

of  a  parabola,  but  from  the  well-known  properties  of  the  parabola 
the  area  of  A  B  C,  Fig.  7,  equals  one-third  of  the  circumscribed 
rectangle.    Hence,  the  quantity  of  material  in  either  flange  equals 

its  area  at  the  wall  multiplied  by  ^,  that  is, 


CASE  III. — ^OIBDERS  SUPPORTED  AT  BOTH  ENDS  AND  LOADED 
AT  AN  INTERMEDIATE  POINT,   ISOSCELES  BRACING. 

966.  Quantity  of  material  In  the  ireb  Is  the  same  fbr  eaeh 
segment. — Let  W  =  the  weight  resting  on  the  girder, 

/  =  its  length,  and  the  other  symbols  as  in  Case  I. 

Let  the  weight  divide  the  girder  into  segments  containing 
respectively  m  and  n  linear  units,  as  in  Fig.  52.  The  strains 
throughout  the  girder  will  in  no  respect  be  altered  if  we  conceive 

it  inverted,  resting  on  a  pier  at  W,  and  loaded  with  j  W  at  the 


CHAP.   X.]  IN  BBACED  0IBDEB8.  203 


n 


right  extremity,  and  with  -r  W  at  the  left.    Each  segment  will  then 

become  a  semi-girder  loaded  at  its  extremity.    Hence,  the  quantity 

of  material  in  the  bracing  of  each  segment  =  —^v—secO.cosecO 

(eq.  196).    The  quantity  of  the  material  in  the  bracing  of  both 
segments  together  is  equal  to  twice  this,  that  is, 

Q  =  ^^  aece.coseeO  (202) 

If  the  weight  be  at  the  centre,  equation  202  becomes 

WZ 

Q  =  ^  seed .  cosecO  (203) 

tS7.  Flanyeff. — From  eq.  20,  the  sectional  area  of  either  flange 
at  the  point  where  the  weight  rests  =  ^,,  ,  and  diminishes  gra- 
dually towards  each  extremity  as  the  ordinates  of  a  triangle  (M). 
Hence,  the  quantity  of  material  in  one  flange  equals  its  area  at  the 

weight  multiplied  by  ^,  and  we  have, 

Q'  =  ^  (204) 

If  the  weight  be  at  the  centre,  eq.  204  becomes, 

WZ* 


CASE  lY. — 6IKDEB8  SUPPOBTED  AT  BOTH  ENDS  AND  LOADED 

UNIFOBMLT,   ISOSCELES  BBACING. 

968.  Webj  leni^li  coDtaininy  an  eTeii  somber  of  bays. — 

Let  W  =  the  total  weight  on  the  girder, 

I  =z  the  length,  and  the  other  symbols  as  in  Case  I.' 
In  order  to  avoid  unnecessary  minuteness  in  this  case  I  shall  first 
assume  that  the  number  of  bays  in  the  half-length  is  a  whole  number, 
in  other  words,  that  the  length  contains  an  even  number  of  bays. 
Let  us  consider  each  half  of  the  girder  by  itself;  the  vertical 
forces  which  act  upon  each  half  are  the  upwai*d  reaction  of  its 
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abutment,  and  the  downward  pressure  of  the  weights  between  the 
abutment  and  the  centre.  The  former  pressure,  if  acting  alone, 
would  require  a  certain  amount  of  material  for  the  bracing,  obtained 
bj  eq.  196,  while  the  weights,  leaving  the  reaction  of  the  abutment 
out  of  consideration,  would  require  an  amount  of  material  which  may 
be  obtained  from  eq.  199.  The  latter  forces  tend  to  relieve  the 
strain  produced  by  the  reaction  of  the  abutment;  consequently, 
the  true  quantity  of  material  required  is  equal  to  the  difference  of 
the  amounts  which  would  be  required  were  each  set  of  forces  to  act 
independently  of  the  other.  Hence,  subtracting  eq.  199  from  196, 
and  bearing  in  mind  that  W  and  I  have  twice  the  value  they  had 
in  the  semi-girder,  we  have  the  quantity  of  material  in  the  web  of 
the  whole  girder, 

Q  =  ^  sece.cosecO  (206) 

that  is,  half  the  quantity  that  would  be  required  if  all  the  weight 

were  concentrated  at  the  centre. 

869.  Web^  the  lenf^th  containing  an  odd  nomlier  of  bays. — 

If  the  half-length  contain  a  half-bay,  the  quantity  of  material  in  the 
bracing  is  obtained  by  subtracting  eq.  200  from  eq.  196,  that  is, 

WZ  W//^ 

Q  =  ^  aecd.cosecd—^sec^e.tane  (207) 

890.  Flanges. — From  eq.  25  the  sectional  area  of  either  flange 

WZ 
at  the  centre  of  the  girder  =  -r^-ij  and  diminishes  towards  either  end 

as  the  ordinates  of  a  parabola  (49).     But  the  area  of  Fig.  23  equals 

'two-thirds  of  the  circumscribed  rectangle ;  hence,  the  quantity  of 
material  required  for  either  flange  equals  its  central  section  multiplied 

by  o/f  and  we  have, 

Q'  =  ^  (208) 

which  is  two-thirds  of  the  quantity  that  would  be  required  if  all 
the  weight  were  concentrated  at  the  centre. 


:^ 


{viM^Jytfi^heD    every  alter- 
P>|i!l£A|k^^cal,  as  in  Fig,  93, 

K'^^^il^/Blih''^  matenal  in  the 
y^^j@»firts,  namely,  that  in 
tQi^PcOOxM  Rca'that  in  the  diagonal 

I  |gg^^'_e9' H^quantity  of  material 
I  **  .^,  £{  B  the  diagonals, 
■  W^i'i^iH  quantity  of  material 
H       *  £ '  **  |B   the  verticals,  and 
:E^e  other  symbols  aa 

„...»..«..•.:©'■<"«• 

_        >|^9edKiiBik^iagoiml  hracing  is  as 
-jif  .»•  .^.  -ff,'  -jt-  -Jit-  -f  ■ 

'^"   $3^:^l4!^|  (209) 

d  WK-  ..  fA__*:  ,||rtW^  =  W;    hence,  ita 
_    Jie  aggregate  length 

^=^i=^#a^:  (210) 

-af*--S--)ir'*' 
'*• 

i§«tc|4^3|b^^*OSioinHLT  LOADED. 

-^ '*■■«!*  s' :-5K  •«•  :^  ■*• 

'"'" 'i*i*5S^i;"  uniformly  londed, 

t£^i^*^t^>t^ughout  both  flaogea 

3»^?!|^>^i<^ion  to  the  quantity 

'£^!^^^!^^"IO'^'Da  ^''S^  ^y  ^^  sectional 

'*'  'Ml  '*'  III  Iftl  'C  '#' 

'^l^^S^*$^ted  over  the  girder, 
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d  =  the  depth  of  gu*der  at  the  centre, 
Q'  =  the  quantity  of  material  in  the  string, 
Q!'  =  the  quantity  of  material  in  the  bow, 

/  =:  the  unit-strain. 

WZ 

The  strain  at  the  centre  of  either  flange  =  -^  (eq.  25) ;  hence, 

WZ 

the  sectional  area  of  the  flange  =  ^-7^;  multiplying  this  latter  quan- 
tity by  the  respective  lengths  of  the  string  and  bow,  we  have 

Q'  =  -^  (211) 


Q//^ 


n\NP 


(212) 


%7Z.  The  following  table  contains  the  corresponding  values  of 
J  and  n,  the  depth  being  expressed  in  fractional  parts  of  the  length 


d 
I 

n 

i 

1-168 

i 

1073 

i 

1040 

A 

1-027 

tV 

1-019 

!>* 

1014 

A 

1-010 

n,  or  the  ratio  of  the  length  of  the  bow  to  the  length  of  the  string, 
is  thus  found. 

Let  X  z=  the  half  span  =  » « 

r  =  the  radius  of  the  bow, 

0  =  the  angle  the  bow  subtends  at  the  centre    of   the 
circle. 


'  m*§M:'Z' 


,«il!gilftlifj  w 

tKc^e|^^[^3^  0,  we  have, 
:Se^^u^<^>f||TespoDduig  to  different 

't^i^^'t^*l^l^9lmK  IndcpeadMt  of 

|ii(ei^Ig£t^|ji^i|4i|;t*  »00  feet  spu  are 

1-  a  ,  ^j'Sgi^^^lipJgjt^^'lie  reader  will  observe 

%E^iBs|^Q^^r  into  those  equations 

"    "  "'  '"*':^ijaired  in  the  bracing, 

'df  those  which   express 

^!&:^u^f^i   Hence,  we  conclude 

dK^I^  does  not   affect   the 

;^ai|^ty  of  material  in  the 

rfe-jKisequeDtly,  the  deeper 

iji^t^^economj,  theoretically 

^  j,*C^eeerial  required  to  stiffen 

t^b^^e«^*l>^t^*Which  this  increase  of 
:££iiaJ<^v^M:^:of   this  in  sacceedinz 
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It  will  also  be  observed  that,  when  the  ratio  of  depth  to  length 
is  constant,  the  quantity  of  material  varies  as  W/,  or  if  W  varies  as 
ly  as  P.  Consequently,  when  such  girders  are  of  small  weight 
compared  to  the  load,  and  when  the  latter  is  proportional  to  the 
length,  the  weight  of  the  girders  wiD  vary  very  nearly  as  the 
square  of  their  length — which  rule  is  approximately  true  for  rail- 
way girders  up  to  200  feet  span. 
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CHAPTER  XI. 

ANOLE    OF    ECONOMY. 

995.  Angle  of  Bconomy  Iter  l0o«eelc«  bracing  Ui  45^. — On 

examining  those  equations  in  the  last  chapter  which  express  the 
quantity  of  material  required  for  the  vertical  web  of  girders  whose 
bracing  consists  of  isosceles  triangles,  we  find  that  they  may  all  be 
expressed  by  one  general  equation, 

Q  =  KsecO.cosecO 
in  which  K  for  each  case  is  a  constant  quantity  depending  upon 
the  length,  weight,  and  unit-strain.    Q  is  therefore  proportional  to 

the  variable  quantity  secO.coaecOf  or  to  its  equivalent,    .  q^,  which 

is  a  minimum  when  0  =  45^.  This  proves  that  the  angle  of  45^ 
is  the  most  economical  inclination  for  the  diagonals  of  isosceles 
bracing,  and  it  is  to  be  observed  that  certain  of  the  diagonals 
being  in  compression,  and  therefore  practically  requiring  a  greater 
amount  of  material  to  stiffen  them  than  others,  does  not  materially 
affect  this  conclusion ;  for,  let  the  compression  diagonals  take  m 
times  the  quantity  of  material  they  would  require  on  the  supposition 
that  they  were  subject  to  tension  in  place  of  compression,  then, 
since  eveiy  alternate  diagonal  is  in  compression  when  the  load  is 
stationary,  the  foregoing  expression  becomes 

Q  =  — ^ —  KsecO.eosecO 

but  the  variable  part  of  this  expression  is  secO.coseeO  as  before, 

and  therefore  the  angle  of  economy  is  45®.* 

990.  Angle  of  economy  fl>r  Tcrtical  and  diagonal  liracing 
Is  55^. — The  angle  of  economy  in  girders  with  vertical  and 
diagonal  bracing  differs  from  that  in  girders  whose  webs  are  formed 
of  isosceles  triangles.  From  eqs.  209  and  210,  we  find  that  the 
quantity  of  material  in  the  bracing  may  be  expressed  as  follows: — 

Q  +  Q''  =  K  (secO.cosecO  +  cotB). 

*  Mr.  Bow  first  drew  attention  to  the  fact  that  45*  is  the  angle  of  economy  for 

isosceles  bracing ;  see  his  Trtatue  on  Bracing,    Edinburgh,  1851. 

P 
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It  is  necessary  to  eqoate  the  differential  coefficient  of  the  bracketed 

part  of  this  equation  to  cipher  in  order  to  find  the  value  of  0  which 

makes  Q  +  Q''  a  minimum.    Doing  so,  we  have, 

cosecO  •  seed .  tanO  —  secO .  cosecO  •  cotO — cosec^d  =  0, 

dividing  by  coaecO.secO  and  transposing, 

tanO  =  2cotO 
whence, 

tanO  =  VT,  and  0  =  54*^  44'  8-2"  =  55^  nearly, 
which  therefore  is  the  angle  of  economy  for  this  form  of  bracing, 
and  has  moreover  the  merit  of  forming  lozenge-shaped  openings, 
which  have  a  more  agreeable  appearance  than  square  ones. 

t97.  Isoseeles  more  eeonomleal  than  Tertlcal  and  diagonal 
braeinir* — The  superior  economy  of  the  isosceles  over  the  vertical 
and  diagonal  system  of  bracing  will  be  now  apparent,  for  the  quan- 
tity of  material  required  in  the  latter  exceeds  that  in  the  former  by 
an  amount  never  less  than  Q'^  and  exceeds  Q'^  when  0  differs 
from  45**. 

MS.  Trigonometrical  Ainetlons  of  0. — The  following  table 
contains  the  value  of  different  trigonometrical  functions  of  0. 


Angle 
bracing,  $. 

9tC$. 

itc9.co9ee9» 

cot9. 

wcB,c(Mc9'^cot9, 

UttUd. 

20<> 

1-064 

811 

2-747 

6-857 

•864 

26<> 

1-108 

2-61 

2-144 

4-754 

•466 

80® 

1164 

2-81 

1-782 

4-041 

•577 

86° 

1-221 

218 

1-428 

8-567 

•700 

40^ 

1-805 

2-08 

1192 

8-222 

•889 

460 

1-414 

200 

1-000 

8000 

1-000 

50° 

1-615 

208 

•889 

2-869 

1-192 

660 

1-748 

218 

•700 

2-829 

1-428 

60° 

2-000 

2-81 

•677 

2-886 

1-782 

66<^ 

2-869 

2-61 

•466 

8076 

2-144 

70® 

2-924 

8-11 

•864 

8-474 

2-747 
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999.  RelAtlve  eeonomy  of  dUTerent  kinds  of  bracing — 
Contlnooas  well  theorellcally  twice  as  eeonomleal  as  a 
liraeed  web. — Bj  means  of  this  table  we  can  at  once  compare  the 
relative  economy  of  different  descriptions  of  bracing  as  follows : — 


Valneioftf. 

Valno  of  a 

CompvattTO  qmuitities 

of  material 

required  iaweK 

Isosoelea  bradng,          -        •    $  =  45^ 

O  =  200  K 

100 

Ditto  (Wanren'B  girder),        •    0  =  80^ 

Q  =  2-81  K 

116-6 

Vertical  and  diagonal  bracing,  6  =:  65^ 

QXQ"  =  2-88  K 

141*5 

From  this  it  appears,  that  equilateral  bracing  ("Warren's  gbder") 
requires  15^  per  cent.,  and  vertical  and  diagonal  bracing  of  the 
best  form  requires  41^  per  cent.,  more  material  in  the  web  than 
isosceles  bracing  at  an  angle  of  45^. 

If  we  compare  equations  203  and  206  with  the  equations  in  54 
which  represent  the  theoretic  quantity  of  material  in  a  continuous 
web,  we  find  that  the  most  economical  form  of  braced  web,  namely, 
isosceles  bracing  at  an  angle  of  45^,  requires  just  double  the 
quantity  of  material  thafc  the  continuous  web  requires  if  made  as 
thin  as  theory  alone  would  indicate.  In  practice,  however,  the 
'braced  web  is  generally  the  most  economical,  as  will  be  shown 
hereafter  in  the  chapter  on  the  web. 


«,■>«> 
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-«'•••■»'••' 


i^^ad  of  a.  horizontal  shaft 

'  Tt^ve  a  lever,  L,  attached  at 

^^j  hung  at  the  end  of  this 

~i  and  fibres,  such  as  ai, 

t  axis,  will  now  assume  a 

Ja^fipe.     Radial  lines,  such  as 

higjQOved  through  a  certain 

kZsS  pToportioual, 

|i  from  the  fixed  end, 


'||tb^A||i£g;S^pnd   its  limit  of  elastic 

^^^fg^utive  transverse  sections 

ii||>^ii^iremote  from  the  fixed  end 

^^^F^Ee  of  the  other,  and  this 

Ji4^i^|e^»bSdongitudinaI  fibres  by  one 

^P^^^^t^'IpThis  wrenching  action,  it 

""  ^'^S'^a'^^^  ^'"^"^  transverse  pressure 
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(14).  It  is  clear  that,  the  farther  the  fibres  are  from  the  axis  the 
greater  will  be  the  arc  through  which  they  are  twisted,  and  the 
greater,  therefore,  will  be  their  elastic  resistance  to  wrenching,  and 
the  greater  also  will  be  the  leverage  which  they  will  exert,  and  we 
may  conceive,  at  least  in  shafts  of  circular,  polygonal,  or  square 
sections,  the  elastic  reactions  of  the  fibres  replaced  by  a  resultant 
equal  to  their  sum  and  applied  in  a  linear  ring  round  the  axis, 
whence,  we  have  the  twisting  moment  of  the  weight, 

WL=FX 

where  F  =  the  annular  resultant  of  all  the  elastic  reactions, 

i  =  the  mean  distance  of  this  annular  resultant  from  the 
axis  of  the  shaft. 
F  is  proportional  in  shafts  of  different  sizes,  but  similar  in  section, 
to  the  number  of  fibres  in  the  cross  section,  that  is,  in  solid  shafts 
to  the  square  of  the  diameter,  and  i  is  evidently  proportional  to 
the  diameter.     Hence,  we  obtain  the  following  relations. 

981.  Solid  roiui«l5  sqaare^  or  polygonal  shafls — Coeffielent 

of  torsional  mptare,  T. — 

Tip 
W  =  -^  (214) 

(215) 


=\^ 


where  W  =  the  breaking  weight  by  torsion, 

L  =  the  length  of  the  lever,  measured  from  the  centre  of 

the  shaft, 
d  =  the  diameter  of  the  shaft,  if  round;  or  its  breadth,  if 

square  or  polygonal, 
and  T  is  a  constant,  which  must  be  determined  for  each  material 
by  finding  experimentally  the  breaking  weight  of  a  shaft  of  known 
dimensions  and  similar  in  section  to  that  whose  strength  is  required. 
The  constant,  T,  may  be  called  the  Coefficient  or  modulus  of 
torsioncU  rupture  of  that  particular  material  and  section  from 
which  it  is  derived,  and  equals  the  breaking  weight  of  a  shaft  of 

similar  section  in  which  the  quantity  -p  =  1. 

989.  Hollow  dhafto  of  onllbrm  thickness. — The  number  of 
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fibres  in  the  cross  section  of  a  hollow  shaft  is  proportional  to  the 
product  of  the  diameter  by  the  thickness,  and  we  have, 

TdH 


W  = 


(216) 


where  t  =  the  thickness  of  the  tube  and  the  other  symbols  are  as 
before. 

988.  CoeHleients  of  torsional  rapture  fbr  solid  round 
shafts. — The  following  table  contains  the  values  of  T,  or  the 
coefficients  of  torsional  rupture,  for  solid  round  shafts ;  these  are 
the  breaking  weights  of  shafts  one  inch  in  diameter  and  whose 
length,  L,  is  also  one  inch ;  hence,  in  using  these  coefficients  in  the 
preceding  equations,  all  the  dimensions  should  be  in  inches. 


COimOIJEMTS  or  TOBSIONAL  BUFTUBE  fob  solid  bound  SBA1T8. 


IfATBRIAI. 

Cast-iron,        ... 
Wrought-iron, 
Steel,  Beesemer, 
Do.,  Oudble,  bammered, 
Ash,       .        -        -        - 

TOtTIj         -  -  -  . 

Larch,    -        -        -        - 
Oak,       .... 
Bed  Pine, 
SpraceFir,      - 


Initial  of 
Experimenter. 

Value  of  T 
In  lbs. 

D 

5,400 

9,800 

K 

15,000 

K 

17,000 

B 

274 

B 

274 

B 

100  to  888 

B 

451 

B 

98  to  157 

B 

118 

B.  Bounioeau,  Sankine'i  Machinery  and  MUlwjrky  jk  479. 

D.  Ihinlop,  TredgM  on  the  Strength  of  Catt-iront  p.  99. 

K.  Kirkaldy,  Es^perimenU  on  Steel  and  Iron  by  a  Committee  of  Ciml  Engineen, 


Ex.  1.  From  expeziments  made  by  Mr.  Kirkaldy  for  a  "Committee  of  Civil 
Engineers,"  it  aj^pears  that  8,800  Ibe.  at  the  end  of  a  12.inch  lever  will  twist  asunder 
a  round  bar  of  Bessemer  steel  1*382  inch  in  diameter ;  wbat  is  the  value  of  T  Y 


ilfjftitfsi 


Mftltlt-iion  ■erew^propellet  ihaft,  Uie 
|i,000  lbs.,  Uking  S  aa  the  factor 


•=•_-.i's'^^f/iii!i 


^.  .jj.  .jj.  .jj.  .^.  -^-  ^^  -^- 

-.".•■s-S".".-!'!!!!!-*- 


|^^9  =  S'12  Inches. 

ra 

:||{^  oivie  iliaft,  the  Mdioi  of  the 
JptjBnca  SODlhCf  **Ving  10  u  the 


1-7  inches. 

IK. — The  following  more 
>in  resembles  that  applied 
based  on  the  assumption 
tme,  that  is,  that  the 
[smting  in  proportion  to 
:eections  at  least)  directly 
itral  axis.  Suppose  the 
ifinitesimal  thickness,  and 
cross  section  r 


.gi^^":^":^:"'*""'**"'**':;? 
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Let  W  z=  the  weight  producing  torsion  at  the  end  of  the  lever  L, 
L  =  the  length  of  the  lever,  measured  from  the  axis  of 

the  shaf  ty 
p  =  the  distance  of  any  fibre  in  the  given  cross  section, 

measured  radially  from  the  axis, 
/  =  the  torsional  unit-strain  exerted  by  fibres  in   the 
same  section  at  a  distance  c  from  the  axis,  that  is, 
the  resistance « of  the  fibres  to  being  twisted  or 
shorn  asunder  referred  to  a  unit  of  sectional  surface, 

c  =  the  distance  from  the  axis  at  which  the  unit-strain /is 

supposed  to  be  exerted, 
0  =  the  angle  between  the  line  p  and  a  horizontal  diameter 

of  the  section, 
r  =  the  radius  vector  of  the  curve  which  bounds  the  given 

section. 
Accordmg  to  our  assumption  the  torsionalunit-strainexerted  by  fibres 

at  the  distance  p  from  the  axis  will  =  '^ ;  if  the  thickness  of  a  little 

c 

element  of  these  fibres  measured  radially  =  dp  (differential  of  p,)  and 

if  its  width  =z  p(20,  the  area  of  the  element,  shaded  in  the  figure, 

will  =  prfpdfl,  and  the  resisting  force  exerted  by  it  will  =  ^-  p^dpdO ; 

c 

the  moment  of  this  round  the  axis  =  ^  p^dpdOy  and  the  integral  of 

c 

this,  within  proper  limits,  is  the  sum  of  the  moments  round  the  axis 

of  all  the  elastic  forces  in  the  given  section  which  resist  torsion, 

called  the  Moment  of  resistance  to  torsion  of  that  particular  section, 

and  this  balances  W  L,  or  the  twisting  moment  of  W.    We  can 

obtain  the  moment  of  resistance  of  the  little  triangle  in  the  figure 

by  integrating  the  foregoing  expressionf rom  p  =  0  to  /)  :=  r.    Doing 

this,  we  find  the  moment  of  resistance  of  the  little  triangle  =  j-  r^dO^ 

and  therefore  the  moment  of  resistance  of  the  whole  section  can  be 
obtained  by  integrating  this  from  0  =  0  to  d  =  2t,  as  follows, 

WL  =  /rV(ifl  (217) 


ieJ 


0 
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985.  Solid  round  shafts. — ^In  the  case  of  round  shafts  the 
radius  vector  r  is  constant,  whence,  from  eq.  217, 

W  L  =  ^*  (218) 

If/=  the  torsional  unit-strain  exerted  bj  fibres  at  the  circum- 
ference, c  =  r,  and  we  have, 

W  L  =  ^  (219) 

98II.  Hollow  roud  shafts. — The  moment  of  resistance  of  a 
ring  is  equal  to  that  of  the  outer  circle  minus  that  of  the  inner 
one,  whence,  from  eq.  218, 

W  L  =  %ir*-r,*) 

Where  r  =  the  external  radius, 
r|  =  the  internal  do. 
If  /  =  the  torsional  unit-strain  exerted  by  fibres  at  the  circum- 
ference, e  =:  ry  and  we  have, 

WL  =  ^(r«-r,«)  (220) 

Iit  =  the  thickness  of  the  ring,  r,  =  r — t,  whence,  by  substitution, 

W  L  =  ^(4r»<  —  6r»«»  +  4r<»  —  «*) 

If  the  thickness  be  small  compared  with  the  radius,  the  last  three 
terms  may  be  neglected,  and  we  have, 

W  L  =  2Tfr't  =  6-28 /r**  (221) 

We  may  perhaps  get  a  clearer  conception  of  the  strains  in  a  hollow 
round  shaft  by  imagining  the  tube  to  be  formed  of  a  series  of 
diagonal  bars  forming  right-handed  coils  in  one  direction,  and  crossed 
by  other  bars  forming  left-handed  coils  in  the  opposite  direction,  so 
as  to  produce  a  spiral  lattice  tube,  in  which,  however,  the  bars  in 
each  series  are  so  close  together  as  to  touch  each  other,  side  by  side, 
and  thus  form  two  continuous  tubes.  The  effect  of  twisting  this 
double  tube  will  be  to  extend  one  set  of  coils  and  compress  the  other 
in  the  direction  of  their  length,  and  this  will  tend  to  make  the 
tension  coils  collapse  inwards  towards  the  axis  of  the  tube,  and 
force  ths  compression  coils  outwards,  but  these  tendencies,  being 


||[4B)f«  '  LCHAP.  II., 

~('{B''B'^&n»Qt^C^Hf^  ^^1>  other.  We  may  go 
^U>,^fOi<4vi»b9et^iflftLtaii  angle  of  45°  from  any 
^41  VS^SSl*    "ftfm'"^  "^^  "S^*^  angles  to  each 

S~~  I'fvttilk^faflSl^ttece  of  material  can  sustain 
M  ,^.^^^ilffl'Hlffl|lfP'^^'°°  I^*"'^  through 
gd'S'9'ttt  ra,l:M)  wlSfi'e  the  section  opposed  to 

0''&'i9fifii{iiK4Sr  ||;  tube, 
'is^i^^^^i^***^^ ^8 P*** " * flS^P^ssion  indifferently,  we 


tl^^ii^l^ude  of  the  sqaare. 

Ji«li>^MlS&  r  =  asecB  as  far  as  one 
"^ii^^'I^  is,  from  9  =  0  up  to  fl 

:*^»^*o?^*°g  the  integral  over  the 

*"*"""-^Imultiplying  by  8  to  com- 

in,  we  have  from  eq.  217, 

1^^^^*^^  sec'9 .  dtand 
'?s*  'si'  "Si'    T»  //I*  7 


the  extreme    fibres 


(222) 


^. 


..5..jj[..j[..jj[..j[. 


moments  of  npsistance 
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to  torsion  of  the  solid  square  shaft  and  the  solid  inscribed  circle 

are  in  the  ratio  of  -- —  =  1'2. 

3t 

The  foregoing  theory  of  the  strength  of  square  shafts  is  based 

on  the  hypothesis  that  the  ratio  "^  is  a  constant  quantity  at  different 

points  of  the  cross  section,  but  this  is  true  for  circular  sections 
only,  and  Professor  Bankine  gives  the  following  equation  for  the 
strength  of  solid  square  shafts  on  the  authority  of  M.  de  St.  Venant, 
who  has  investigated  the  subject  theoretically  with  great  care. 

W  L  =  0'281f€p  (224) 

This,  it  will  be  observed,  makes  the  strength  of  a  solid  square 
shaft  nearly  20  per  cent,  higher  than  eq.  223. 


•f^N 


[CHAF.   XIII. 


mil^icitui. 


;deb8  and  sfhebes. 


-The  Btrtune   in 
H^er  withia  or  without,  ma; 


'^'-'j¥««^^  Wcg^meter  of  the  cylinder. 


b>M  Bii^id  pressure  on  each  utut  of 


av^lcneas  of  metal, 

^lid  pressure  on  ei 

leilace  (generally  in  Iba.  or  tons 

•  -S-F^  square  inch), 

,«,3Gc:^isgthgential  unit-strain,  either  of 

&'  *    ^  'S*  tB&ion  or  compresuon,  according 

'^^aC^*lS'^'''t^^^''|^°^'°E  ^  burst  the  cylinder, 

~  'S^g  to  make  it  collapse. 

ifuor,  cross  section  of  a  cylinder, 

iB^nit  measured  at  right  angl^ 

I^B^ieJEAB  represent  an  imaginary 

'li^^ii-^^ii^  *^^  ''*^^''  ^^^  °^  ^^  ^"''^ 
—  j^S^^'*^  ^^^  '^ — *'°  hypothesis 

^^S^^ISo^SI&^f  equilibrium  in  any  way — 
§iik^t||l^*^2il|4)per  half  of  the  fluid  on  the 
•^-S«£w£iE<^ioueIy  equal  to  pd,  and  this 
•a'.'K'.-..  '*"Z^^hfllf  of  the  cylinder  from  the 
„  i^SJ^  and  B.    Hence,  the  tensile 

i^*a^i|^>j^  ^>  <|^<emal  pressure,  of  the  same 
£^^i^*S^^*^>te  to  the  tensile  stnun  just 
ti^ct*|^tA&t^^^l^ed  half  cylinder  removed  and 
w&u^§*^^«^'^^i^  which  ca«e  the  pressure  on 
|>l^4^^^|^rt^ance  that  on  the  outside  of  the 
^i^*@li>^^e  result  may  be  arrived  at 
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in  another  way.  Let  a  cylinder  subject  to  internal  pressure,  as  in 
the  first  case,  be  immersed  in  a  larger  yessel,  and  let  fluid  be  forced 
into  the  latter  until  its  pressure  equals  that  within  the  cylinder,  in 
which  case  the  previous  tangential  tensile  strain  due  to  internal 
pressure  will  be  cancelled,  since  the  pressures  inside  and  out 
balance  each  other.  Now,  let  the  fluid  inside  the  cylinder  be 
withdrawn  and,  the  balance  being  destroyed,  a  tangential  com- 
pressive strain  will  result,  equal  and  opposite  to  the  tensile  strain 
which  existed  before  the  cylinder  was  immersed. 

Ex.  Wb&t  should  be  the  tfaicknees  of  the  pbites  of  a  cylindrical  boiler,  6  feet  in 
diameter  and  worked  to  a  pressure  of  50  lbs.  steam  per  square  inch,  in  order  that  the 
working  tensile  strain  may  not  exceed  1*67  tons  per  square  inch  of  gross  section  ? 

Here,    d  =  72  inches, 

j9  =  50  lbs.  per  square  inch  of  surface, 

/  =  1'67  tons  =s  3741  lbs.  per  square  inch  of  section. 

Amwer  (eq.  226).    «  =  g  =  l^'^  =  -481  inch. 

Supposing  the  material  equally  capable  of  resisting  tension  and 
compression,  the  strength  of  a  cylinder  subject  to  external  pressure, 
like  the  flue  of  a  Cornish  boiler,  is  theoretically  the  same  as  if  it 
were  subject  to  an  equal  internal  pressure.  Practically,  however, 
the  strength  is  much  less,  owing  to  the  flue  not  being  a  perfect 
circle  in  cross  section.  If  the  outside  shell  be  not  a  perfect  circle, 
the  tendency  of  internal  pressure  will  be  to  render  it  more  so, 
whereas,  with  the  flue,  the  tendency  will  be  to  increase  the  defect 
and  cause  collapse,  and  Sir  William  Fairburn  has  deduced  from 
an  extensive  series  of  experiments  the  following  empirical  rule  for 
calculating  the  strength  of  wrought-iron  tubes,  such  as  boiler  flues, 
within  the  limits  of  length  which  occur  in  ordinary  practice.* 

p  =  806,300^  (226) 

where  p  =  the  collapsing  pressure  in  lbs.  per  square  inch  of  surface, 
t  =  the  thickness  of  the  metal  in  inches, 
I  =  the  length  of  the  tube  in  feet, 
d  =  the  diameter  in  inches. 

*  Useful  Information  for  Engineers,  2nd  series. 
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Ez«  What  is  the  ooIlapBiiig  prefMuie  of  a  flue  10  feet  long,  86  inches  in  diameter, 
and  composed  of  \  inch  iron  plates  f 

Here^     t  =  0'5  inch, 

Id  =  Z6X  10  =  860, 
log  p  =  log  806,800  +  219  log  0*5  —  log  860 

»  6*9064967  +  219  X  r69897  —  2*5568025  =  2*6909885. 

Answer,    p  =  491  lbs. 

491 
The  safe  working  pressoze  for  a  land  boiler  wonld  be  -— ■  =82 lbs.;  foranordinaij 

491 
m«toe  boner  in  which  «lt  w^  I.  n«d,  ^  =  61  lb.. 

It  will  be  observed  that  the  strength  varies  inversely  as  the 
length,  and  Sir  William  Ffdrbaim  found  that  ''by  introducing 
rigid  angle  or  T  iron  ribs  (in  practice  from  8  to  10  feet  apart,) 
round  the  exterior  of  the  flue,  we  vertically  decrease  the  length 
and  increase  the  strength  in  the  same  proporljion.  Two  or  three 
such  rings  on  the  flues  of  boilers,  constructed  of  plates  equal  in 
thickness  to  those  of  the  shell,  will  usually  render  the  resistance  to 
collapse  equal  to  the  bursting  pressure  of  any  other  part  of  the 
boiler.**  It  was  also  found  that  the  ordinary  longitudinal  lap- 
joints  in  boiler  flues  were  weaker  than  butt  joints  in  the  ratio  of 
about  7  to  10,  and  Sir  William  Fairbaim  recommends  that  tubes 
required  to  resist  external  pressure  should  be  formed  with  longitu- 
dinal butt  joints  with  covering  strips  outside  riveted  to  both  plates. 

Elliptical  tubes  are  obviously  very  weak  for  resisting  external 

pressure,  and  it  appears  from  Sir  William  Fairbaim*s  experiments 

that  their  strength  is  the  same  ba  that  of  the  osculating  circle  at 

the  flattest  part  of  the  ellipse ;  thus,  if  a  and  b  are  the  major  and 

minor  semi-axes  of  the  ellipse,  the  diameter  of  the  cylinder  of 

2a* 
equal  strength  will  equal  -r--    If,  for  example,  the  ellipse  be  6  x  4 

feet,  the  diameter  of  the  cylinder  of  equal  strength  will  equal 

^A*  =  9  feet. 

989.  Cylinder  enito. — The  flat  ends  of  cylinders  sustain  a 
total  pressure  equal  to  their  area  multiplied  by  the  pressure  per 
unit  of  surface,  that  is, 

total  end  pressure  =  -^  (227) 
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where  p  =  the  pressure  per  square  unit  of  surface, 

d  =  the  diameter. 
This  end  pressure  is  sustained  by  the  rivets  or  bolts  which  connect 
the  ends  of  the  cylinder  to  the  ades,  and  if  ^  =  the  thickness 
of  metal  in  the  latter,  the  longitudinal  tensile  unit-strain  in  the 
cylinder, 

/=5^^,d.=^  (228) 

Comparing  this  with  eq.  225,  we  find  that  the  longitudinal  unit- 
strain  in  a  cylinder  is  one-half  the  tangential  unit-strain.  If  the 
cylinder  be  a  boiler  with  internal  flues,  the  end  area  is  diminished 
by  the  sectional  area  of  the  flues,  which  latter  moreover  support  a 
large  share  of  the  end  pressure,  so  that  the  longitudinal  unit- 
strain  in  the  sheU  is  greatly  reduced.  Stay  rods  connecting  the 
ends  above  the  flues  reduce  this  longitudinal  strain  still  more,  so 
that  little  anxiety  need  be  felt  about  the  transverse  joints  of  the 
shell  giving  way.  The  longitudinal  joints  of  the  shells  of  high- 
pressure  boilers  are  generally  double-riveted  and  the  cross  joints 
either  single  or  double-riveted. 

990.  Hollow  spheres. — We  may  conceive,  as  in  the  case  of 
the  cylinder  already  investigated,  an  imaginary  plane  passing 
through  the  centre  of  the  sphere  and  dividing  it  into  two  equal 
parts.  The  fluid  pressing  on  the  surfiuse  of  this  plane  tends  to 
tear  asunder  the  sphere  along  the  circle  formed  by  its  intersection 
with  the  plane.    Hence,  if 

c2  =  the  diameter  of  the  sphere, 

t  =  the  thickness  of  metal, 

p  =  the  fluid  pressure  per  square  unit  of  surface, 

/  =  the  tangential  unit-stndn, 

we  have,  -^i 

reducing, 

4/5  =  pd  (229; 

Comparing  this  witii  eq.  225,  we  find  that  a  sphere  is  twice  as  strong 

as  a  cylinder  of  the  same  diameter  and  thickness  of  metal,  and  that 

therefore  the  ends  of  egg-ended  boilers  are  their  strongest  part. 
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CHAPTER  XrV. 

CRUSHING  STRENGTH  OF  MATERIALS. 

991.  Watore  of  eompresslTe  strain. — In  most  of  the  foregoing 
theoretic  investigations  it  has  been  tacitly  assumed  that  the  tensile  or 
compressive  strength  of  any  material  is  proportional  to  its  sectional 
area,  whatever  that  may  be.  This,  however,  is  not  always  true  of 
compressive  strains,  and  one  of  the  first  difficulties  which  the 
student  encounters,  when  seeking  to  reduce  theory  to  practice,  is 
the  necessity  of  providing  in  struts  or  pillars  not  only  against 
absolute  crushing  of  the  material,  which  in  reality  rarely  occurs, 
but  more  especially  against  flexure  and  buckling,  to  resist  which  a 
greater  amount  of  material  is  generally  required  than  theory  alone 
might  seem  to  indicate.  To  understand  the  matter  clearly  we 
must  recollect  that  the  mode  in  which  a  pillar  fails  varies  greatly, 
according  as  it  is  long  or  short  in  proportion  to  its  diameter.  A 
very  short  pillar — a  cube,  for  instance,  of  wrought-iron,  timber,  or 
stone — will  bear  a  weight  nearly  sufficient  to  upset,  to  splinter,  or 
to  crush  it  into  powder;  while  a  still  shorter  pillar — such  as  a 
penny,  or  other  thin  plate  of  ductile  metal — will  often  bear  an 
enormous  weight,  far  exceeding  that  which  the  cube  will  sustain, 
the  interior  of  the  thin  plate  being  prevented  from  escaping  from 
beneath  the  pressure  by  the  surrounding  particles.  Alluding  to 
his  experiments  on  copper,  brass,  tin,  and  lead,  Mr.  Sennie 
observes: — "When  compressed  beyond  a  certain  thickness,  the 
resistance  becomes  enormous,^**  and  I  have  observed  the  same 
thing  in  a  very  marked  degree  when  experimenting  on  cubes  of 
cast  zinc  which  slowly  spreads  out  like  a  plastic  material  as  the 
strain  increases.  We  can  thus  conceive  how  stone  or  other  materials 
in  the  interior  of  the  globe  withstand  pressures  that  would  crush 
them  into  powder  at  the  surface,  merely  because  there  is  no  room 

•  PhU.  Tram,,  1818,  p.  126. 
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for  the  particles  to  escape  from  the  surrounding  pressure.  A  long 
thin  pillar  on  the  other  hand,  such  as  a  walking  cane,  will  yield  by 
flexure  long  before  it  is  crushed,  and  if  the  bending  be  carried  so 
far  as  to  break  the  pillar,  the  fracture  will  resemble  that  due  to 
transverse  strain.  Hence,  it  is  convenient  to  subdivide  the  results 
of  compressive  strain  into  flexure  and  crushing. 

8M.  Flexore— Croshlnir— Bo^^UInff— BalgHni: — Spllnterinip. 

— Flexure  is  the  bending  or  deflection  of  a  pillar  whose  length  is 
very  (Considerable  in  proportion  to  its  thickness  or  diameter. 

Crushing  may  be  subdivided  into  buckling,  bulging,  and 
spUntering. 

(a.)  Buckling  is  the  undulation,  wrinkling,  or  crumpling  up,  usually 
of  a  thin  plate  of  a  malleable  material.  Buckling  is  frequently 
preceded  by  flexure ;  when,  for  instance,  long  tubes  of  plate-iron 
are  compressed  longitudinally,  they  first  deflect,  and  finally  fail  by 
the  buckling  or  puckering  of  a  short  piece  on  the  concave  side. 

(6.)  Bulging  is  the  upsetting  or  spreading  out  under  pressure  of 
ductile  or  fibrous  materials,  such  as  lead,  wrought-iron  and  timber, 
also  of  many  semi-ductile  crystalline  metals,  such  as  cast-brass  or 
zinc. 

(e.)  Splintering  is  the  splitting  off  in  fragments  of  highly 
crystalline,  fibrous,  or  granular  materials,  such  as  cast-iron,  glass, 
timber,  stone  and  brick;  the  spUntering  of  granular  and  vitreous 
materials  is  often  abrupt  and  terminates  in  their  being  crushed  to 
powder,  while  even  the  most  crystalline  metals  are  to  some  extent 
ductile  and  therefore  bulge  slightly  before  they  splinter.  Again, 
some  materials,  such  as  glass,  form  numerous  prismatic  splinters ; 
others,  like  cast-bon,  form  two  or  more  wedge-shaped  or  pyramidal 
splinters,  the  plane  of  separation  being  oblique  to  the  line  of 
pressure. 

998.  Crashlnir  ntren^^th  of  short  pillars — ^Ann^e  of  f)rae- 
tore. — It  has  been  found  by  experiment  that  the  strength  of  short 
pillars  of  any  given  material,  all  having  the  same  diameter,  does 
not  vary  much,  provided  the  length  of  the  pillar  is  not  less 
than  one,  and  does  not  exceed  four  or  five  diameters;  and 
the  weight  which  will  just  crush  a  short  prism  whose  base  equals 
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one  square  unit  (generally  a  square  inch),  and  whose  height  is  not 
less  than  one  or  one  and  a  half,  and  does  not  exceed  four  or  five 
diameters,  is  called  the  crushing  tirength  oi  \hQ  material  experi- 
mented upon.  When  the  height  of  a  solid  prism  lies  within  these 
limits  "fracture  is  (generally)  caused  by  the  body  becoming 
divided  diagonally  in  one  or  more  directions.  In  this  case  the 
prism,  in  cast-iron  at  least,  either  does  not  bend  before  fracture, 
or  bends  very  sh'ghtly ;  and  therefore  the  fracture  takes  place  by 
the  two  ends  of  the  prism  forming  cones  or  pyramids,  which  split 
the  si(}es  and  throw  them  out ;  or,  as  is  more  generally  the  case  in 
cylindrical  specimens,  by  a  wedge  sliding  off,  starting  at  one  of 
the  ends,  and  having  the  whole  end  for  its  base ;  this  wedge  being 
at  an  angle  which  is  constant  in  the  same  material,  though  different 
in  different  materials  (see  Plate  II.).  In  cast-iron  the  angle  is  such 
that  the  height  of  the  wedge  is  somewhat  less  than  |  of  the 
diameter.  In  timber,  like  as  in  iron  and  crystalline  bodies  generally, 
crushing  takes  place  by  wedges  sliding  off  at  angles  with  their 
base  which  may  be  considered  constant  in  the  same  material; 
hence,  the  strength  to  resist  crushing  will  be  as  the  area  of 
fracture,  and  consequently  as  the  direct  transverse  area,  since  the 
area  of  fracture  would,  in  the  same  material,  always  be  equal  to 
the  direct  transverse  area,  multiplied  by  a  constant  quantity."*  In 
other  words,  eq.  1  is  applicable  to  short  pillars,  and  their  crushing 
strength  is  equal  to  their  transverse  section  multiplied  by  the 
crushing  unit-strain  of  the  material.  If  the  length  exceeds  four 
or  five  times  the  diameter,  "the  body  bends  with  the  pressure, 
and  though  it  may  break  by  sliding  off  as  before,  the  strength 
is  much  decreased.  In  cases  where  the  length  is  much  greater 
than  as  above,  the  body  breaks  across,  as  if  bent  by  a  transverse 

pressure."! 

From  the  foregoing  observations  the  reader  will  perceive  that 
the  crushing  imit-strain  of  any  material  should  be  derived  from 
experiments  on  prisms  whose  height  is  not  less  than  the  length 
of  the  wedge,  nor  so  great  that  the  prism  will  deflect.     Mr. 

*  Expermadal  Retearcha  en  Hit  Strength  of  Ca$t'iron,  by  £.  Hodgkiiuoii,  pp.  819,  828. 

t  Idem,  p.  821. 
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Hodgkinson  seems  to  have  preferred  prisms  whose  height  equalled 
two  diameters,  and  in  Table  I.  it  will  be  seen  that  prisms  of 
cast-iron,  whose  height  equalled  one  diameter,  generally  bore  more 
than  those  whose  height  equalled  two  diameters.  If,  however, 
the  material,  like  glass  and  some  limestones,  do  not  form  wedge- 
shaped  but  longitudinal  splinters,  it  seems  probable  that,  within 
considerable  limits,  the  height  of  the.  specimen  will  not  materially 
affect  its  crushing  strength.  Experimenter^  on  stone  have  gene- 
rally used  cubes;  Mr.  Hodgkinson's  practice,  however,  seems 
preferable.  If  the  length  of  pillars  never  exceeded  four  or  five 
diameters,  all  we  need  do  to  arrive  at  the  strength  of  any  given 
pillar  would  be  to  multiply  its  transverse  area  in  square  units  by 
the  tabulated  crushing  strength  of  that  particular  material.  It 
rarely  happens,  however,,  that  pillars  are  so  short  in  proportion  to 
their  length,  and  hence,  we  must  seek  some  other  rule  for  cal- 
culating their  strength  when  they  fail,  not  by  actual  crushing,  but 
by  flexure.  If  we  could  insure  the  line  of  thrust  always  coinciding 
with  the  axis  of  the  pillar,  then  the  amount  of  material  required 
to  resist  crushing  merely  would  sufiSce,  whatever  might  be  the 
ratio  of  length  to  diameter.  But  practically  it  is  impossible  to 
command  this,  and  a  slight  error  in  the  line  of  thrust  produces  a 
corresponding  tendency  in  the  pillar  to  bend.  With  tension-rods, 
on  the  contrary,  the  greater  the  strain  the  more  closely  will  the 
rc^  assume  a  straight  line,  and,  in  designing  their  cross  section,  it 
is  only  necessary  to  allow  so  much  material  as  will  resist  the 
tensile  strain.  This  tendency  to  bend  renders  it  necessary  to 
construct  long  pillars,  not  merely  with  sufficient  material  to  resist 
crushing,  supposing  them  to  fail  from  that  alone,  but  also  with 
such  additional  material,  or  bracing,  as  may  effectually  preserve 
them  from  yielding  by  flexure.  In  masonry,  heavy  timber  framing, 
or  similar  massive  structures,  the  desired  effect  is  produced  by 
mere  bulk  of  material,  which  insures  the  line  of  thrust  always 
lying  at  a  safe  distance  within  the  limits  of  the  structure.  In 
hollow  pillars  the  same  result  is  obtained  by  removing  the  material 
to  a  considerable  distance  from  the  line  of  thrust,  which,  though 
it  may  deviate  slightly  from  the  axis  of  the  pillar,  yet  will  not 
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pass  beyond  its  circumference.  When  the  pillar  is  neither  tubular 
nor  solid,  one  of  the  forms  of  section  represented  in  Fig.  99  is 
generally  adopted. 

Fig.  99. 


However,  before  treating  about  flexure,  it  seems  desirable  to 
give  the  crushing  strengths  of  short  prisms  of  various  materials 
and  afterwards  show  how  these  are  modified  by  increasing  the 
length  of  the  prism. 

CAST-IRON. 

894.  CmshlDff  strength  of  cast-iron. — Table  I.  contains  the 
results  of  experiments  by  Mr.  Hodgkinson  ''on  the  crushing 
strength  of  cylinders  of  cast-iron  of  various  kinds ;  the  diameters 
of  the  cylinders  being  turned  to  |  inch  each,  and  the  heights  being 
I  and  1^  inches  respectively.  In  both  cases  the  height  was  so 
small  that  the  specimen  could  not  bend  before  crushing.  Before 
each  experiment  was  commenced,  a  very  thin  sheet  of  lead  was  laid 
over  and  under  the  specimen,  to  prevent  any  small  and  unavoid- 
able irregularity  between  its  flat  surface  and  those  of  the  parallel 
steel  discs  between  which  it  was  to  be  crushed."* 


TABLE  I. — CBUSHiNa  strength  of  Oabt-iron. 


Description  of  iron. 

Height 
■pcdmcn. 

CroBhIng  weisht 

per  sqoftre  inch  of 

section. 

• 

Heen. 

Low  Moor  iron,  No.  1     -        - 

Do.            No.  2     - 
Clyde  iron,  No.  1    -        -        .        - 

inch. 

f 

14 

J 

lbs.          tons. 

64534  =  28-809 
66445  =  25-198 

99525  =  44-480 
92832  =  41-219 

92869  =  41-459 
88741  =  89-616 

lbs.          tons. 
60489  =  27-004 

95928  =  42-825 

90805  =  40-537 

*  Report  of  the  Commmonen  appointed  to  inquire  into  ike  application  of  iron  to 
raUtoay  purpoees,  1849,  App.  A.,  pp.  12, 13. 
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TABLE  1. — Cbushino  stbbnoth  of  Cast-ibon — amtinued. 


Description  of  Iron. 


Height 


Cnuhlng  weight 

per  square  inch  of 

section. 


Mean. 


Clyde  iron.  No.  2    •        -        •        - 

Do.        No.  8    - 
BlAeiiavoniron,  Na  1 

Do.         No.  2 — Ist  sample  • 

Do.         No.  2 — ^2nd  sample  - 

Calder  iron.  No.  1  - 

Coltness  iron,  No.  3        -        -        - 

Bxymbo  iron,  No.  1         -        -        - 


Biymbo  iron,  No.  8 


Bowling  iron.  No.  2 


Ystaljfera  Anthracite  iron,  No.  2 


Yniflcedivyn  Anthracite  iron.  No.  1 


Do. 


No.  2 


inch. 

i 

li 

i 

u 

* 
1 

14 

I 

U 

.1 

f 

ll 

i 

14 

i 

14 

i 

14 

i 

14 

i 

14 


lbs.  tons. 

109992  =  49103 
102030  =  45*549 

107197  =  47-855 
104881  :=  46-821 

90860  =  40-562 
80561  »  85*964 

117605  =  52*502 
102408  =  45*717 

68559  »  80*606 
68532  =  30*594 


72193 
75983 

100180 
101831 


82*229 
83*921 

44*728 
45*460 


74815  =r  83*399 
75678  =  83*784 

76183  =  83-988 
76958  =  84'356 


76182 
73984 

99926 
95559 

83509 
78659 

77124 
75369 


33*987 
33*028 

44*610 
42*660 

87*281 
35115 

84*480 
33-646 


lbs. 
106011 

106039 
85710 

110006 
68545 
74088 

101005 
75246 
76545 
75058 
97742 
81084 
76246 


tonsb 
47*326 

47*839 

38*263 

49-109 

80*600 

33-075 

45*091 

38*592 

84*171 

88*508 

43*635 

86*198 

34-038 


Mean  of  the  foregoing  16  irons 


86284  «=  38*519 


Mr.  Monies  Stirling'siron,2ndqaaIity^ 


Da 


Srdqnalityt 


i 

n 

i 

1* 


125338 
119457 

158653 
129876 


55*952 
53-329 

70*827 
57*980 


122395  =:  54*640 
144264  =  64*408 


*  Composed  of  Calder  No.  1  hot-blast,  mixed  and  melted  with  about  20  per  oent. 
of  malleable  iron  scrap. 

f  Composed  of  No.  1  hot-blast  Staffordshire  iron  from  Ley's  Works,  mixed  and 
melted  with  about  15  per  cent  of  oonmion  malleable  iron  scrap. 
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Table  II.  contains  the  "  crushing  weights  of  short  cylinders  of 
different  kinds  of  cast-iron,  cut  from  the  bars,  2^  inches  diameter 
previously  used  (in  experiments  on  pillars),  and  now  turned  to  be 
I  inch  diameter  nearly,  and  1^  inch  high.  The  results  are  means 
from  three  or  four  experiments  on  each  kind  of  iron.  The  specimens 
were  usually  cut  out  of  the  iron  between  the  centre  and  the 
circumference  of  the  bar,  denominated  the  medium  part.  In  several 
cases  they  were  cut  out  of  the  centre  of  the  bar,  and  sometimes  out 
of  the  circumference.*'* 


t 

TABLE  II.— Cbusbing  btrenotb  of  CAST-nioir. 

DeMription  of  Iron. 

DliUBcte 
of 

Cmshlng  weight 

per  aquare  inch 

of  lection. 

Medium, 

Old  Park  iron.  No.  1. 

inch. 
•747 

lbs.          tons. 
88070  =  89-82 

Centare,    - 

Old  Park  iron.  No.  1. 

•747 

74663  =  88-88 

Medium, 

Derwent  iron,  No.  1. 

•                       m                      m                      M                      m                      m                      «*«                       • 

•747 

97160  =  48-87 

Medium, 

C^ltness  iron,  No.  1. 

•747 

68048  =  28-14 

Medium, 

Blaenavon  iron.  No.  1. 

•748 

70909  =  81-66 

Medium, 

Level  iron.  No.  1. 

•749 

68217  =  80-46 

Medium, 

CuTon  iron.  No.  1. 

•750 

68609  =  80-68 

Medium, 

London  Mixture. 

•749 

80928  =  86-08 

Medium, 

Calder  iron.  No.  1. 

•760 

84648  :=  87-79 

Medium, 

Portland  iron.  No.  1. 

•748 

94802  ^  42-82 

^  PhUotophical  Tramaetioru,  1867,  p.  889. 
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TABLE  IL — CsusHiNa  BTBBNaTH  or  Cast-ibon — eonHnued. 


Description  of  Iron. 

DlaiiMtar 
of 

Cnuhing  wel(^t 

per  aqniire  inch 

of  lection. 

Old  Hill  iron,  No.  1. 
Medium, 

inch. 

•749 

lbs.        tons. 
64761  =  24-46 

Low  Moor  uron,  No.  2. 
Medium, 

•748 

77489  :=:  84^59 

Low  Moor  iron,  No.  2. 
Centre^ 

•742 

66407  =  29^66 

Blaenavon  iron,  No.  8. 
Medium,          .-------- 

•787 

88617  =  87-28 

Blaenavon  iron.  No.  8. 
Centre^    ---------- 

•747 

76648  =::  84^22 

Second  London  Mixture. 
Medium.    From  2^  inch  pillar,  as  all  above  have  been,     - 

•747 

96888  =  42-66 

Second  London  Mixture. 
Centre.    From  2i  inch  pillar,  as  all  above  have  been, 

•747 

78461  =  86-02 

Second  Lendon  Mixture. 
Medium.    From  14  inch  pillar, 

•760 

111080  -  49^69 

Second  London  Mixture. 
Centre.    From  1)  inch  pillar, 

•760 

104071  =  46^46 

Low  Moor  iron,  No.  2. 
From  a  hollow  pillar  4  inchcB  diameter  and  \  inch  thick. 
The  height  of  the  firrt  two  specimens  was  '72  inch,  and 
of  the  last  1-502  inch, 

(•421 

87602  =  89-06 

From  the  thin  ring  of  a  hollow  pillar  about  84  inches  dia- 
meter.   Height  of  specimens  '58  inch,            -        .        . 

{•299 
* 

116998  »  61-78 

Low  Moor  iron,  No.  2. 
From  the  thin  ring  of  a  hollow  pillar  about  8}  inches  dia- 
meter.   Height  of  Specimens  '58  inch. 

|-296 

110212  =  49-20 

Mean  of  the  foregoing  22  irons, 84200  =  87*6 

232  GBUSHtNO  STBENOTH  OF  MATEBIALS.      [CHAP.  XIY. 

From  the  experiments  recorded  in  the  two  foregoing  tables  it 

appears  that  the  average  crushing  strength  of  simple  cast-irons  does 

not  exceed  38  tons  per  square  inch;  the  strength  of  mixtures, 

however,  is  higher  and  may  in  general  be  taken  at  42  tons  per 

square  inch,  though  occasionally  it  reaches  50  tons.    Repeated 

meltings  seem  to  have  the  effect  of  increasing  the  crushing  strength 

of  cast-iron  (See  Chap.  XVI.). 

995.  Hardness  and  erashlnff  strenfrth  of.  thin  eamiMn^ 
i^reater   near   the   surface   than   In   the  heart — Croshin^ 

strength  of  thin  greater  than  that  of  thick  eastings. — ^Mr. 
Hodgkinson  found  that  *'  of  the  different  irons  tried  in  the  experi- 
ments on  pillars,  whether  solid  or  hollow,  the  external  part  of  the 
casting  was  always  harder  than  that  near  to  the  centre,  and  the  iron 
of  the  external  ring  of  a  hollow  casting  was  very  hard,  the  hardness 
increasing  with  the  thinness.  Thus,  in  solid  pillars  2^  inches 
diameter  of  Low  Moor  iron.  No.  2  (Table  II.),  the  crushing  force 
per  square  inch  of  the  central  part  was  29*65  tons,  and  that  of  the 
intermediate  part  near  to  the  surface  was  34*59  tons,  whilst  the 
external  ring,  ^  inch  thick,  of  a  hollow  cylinder  4  inches  diameter, 
of  which  the  outer  crust  had  been  removed,  was  crushed  with  39*06 
tons  per  square  inch ;  and  external  rings  of  the  same  iron,  thinner 
than  half  an  inch,  required  from  49;2  to  51*78  tons  per  square  inch 
to  crush  them.  These  facts  show  the  great  superiority  of  hollow 
pillars  over  solid  ones  of  the  same  weight  and  length."*  Hence, 
removing  the  skin  of  a  tJdn  casting  reduces  its  strength  to  resist 
compression. 

1096.  Hardness  and  crushing  strength  of  thick  castings  at 
the  snrfhce  and  In  the  heart  not  materially  dllTerent* — *'  To 
ascertain  whether  the  internal  strength  of  larger  pillars  varied  in  the 
same  manner  as  that  of  smaller  ones,  a  cylindrical  casting  was  made 
5  inches  diameter  and  15  inches  long.  It  was  cast  vertically,  from 
Blaenavon  iron.  Through  the  axis  of  this  cylinder,  a  slab,  15  inches 
long,  5  inches  broad,  and  about  1  inch  thick,  was  taken.  Across  the 
middle  of  this  slab  five  cylinders,  li^  inch  long  and  |  inch  diameter, 
were  obtained  at  equal  distances  from  each  other,  the  middle  one 

PhU.  Tram.,  1867,  p.  890. 
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being  in  the  centre,  and  the  outer  ones  as  near  as  possible  to  t^e 
sides.  Comparing  the  results  of  the  experiments  (on  crushing  these 
cylinders)  it  appears  that  the  external  part  of  the  casting  was  some- 
what stronger  than  the  intemaL  But  the  variation  was  only  from 
62  to  66  (62,444  to  65,739  lbs.  per  square  inch),  and  therefore 
much  less  than  was  obtsdned  from  the  smaller  masses.*'  From  this 
and  other  experiments  on  small  cylinders  cut  out  of  a  slab  of 
Derwent  iron,  No.  1,  cast  9  inches  square  and  12  inches  long,  ^*  it 
appears  that  the  difference  of  hardness  between  the  external  and 
internal  parts  of  a  large  casting  is  much  less  than  in  a  small  one,  and 
may  frequently  be  neglected."*  For  the  safe  working  strain  on 
cast-iron  see  Chap.  XXVIII. 

WROUGHT-IRON. 

S09.  Cmshiiiir  strengtb  of  wrovirbi-lroii — M  tonn  i«  the 
limit  of  eompresslTe  elasticity  of  wrovKbt-lron. — The  crush- 
ing strength  of  wrought-iron  varies  with  the  hardness  of  the  iron, 
but  ordinary  wrought-iron  is  completely  crushed,  t.«.,  bulged,  with 
a  pressure  of  from  16  to  20  tons  per  square  inch,  and  when  the 
pressure  exceeds  12  or  13  tons,  Mr.  Hodgkinson  found  that  *4n  most 
cases  it  cannot  be  usefully  employed,  as  it  will  sink  to  any  degree, 
though  in  hollow  cylinders  it  will  sometimes  bear  15  or  16  tons  per 
square  inch."  f  The  point  at  which  compressive  set  sensibly  com- 
mences, that  is,  the  limit  of  compressive  elasticity,  is  about  12  tons 
per  square  inch.  For  the  safe  working  strsun  in  practice  see  Chap. 
XXVIII. 

STEEL. 

998.  Cnwhiiiir  strenirth  of  steel — U  tons  is  the  limit  of 
eompresslTe  elasticity  of  steeL — The  following  table  contains 
the  results  of  experiments  on  the  crushing  weights  of  cylinders  of 
cast-steel  by  Major  Wade,t  U.S.  Army: — 

•  PhU.  Trans.,  1857,  pp.  891,  892. 
t  Com»  Rep^  p.  121. 

X  BeporU  of  Eoepermenti  on  the  Strength  and  other  Properties  of  Metals  for  CamnoM, 
by  Officers  of  the  Ordnance  Department,  I7.S.  Aimy,  p.  258.    Philadelphia,  1856. 
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TABLE  III.— CBusHiNa  btebngth  ov  Cabt-bteel 


« 

Kind  of  cast^fceel. 

No. 
of 
sam- 
ple. 

Length. 

NaaMMr. 

Crashing 
weight  per 
square  inch 
of  section. 

Not  hardened,            ..... 

1 

inch. 
1-021 

inch. 
•400 

lbs. 

198,944 

Hardened ;  low  temper  ;  chipping  chiselB,     - 

2 

•995 

-402 

354,544 

Hardened ;  mean  temper ;  turning  tooLi, 

3 

1-016 

-403 

891,985 

Hardened;  high  temper;  tools  for  turning  hard  steel, 

4 

1^05 

•406 

372,598 

NoTB—All  the  samples  of  steel  tested  were  cut  from  the  same  bar.  No.  1  remained 
unchanged,  as  made  at  the  steel  factory.  Nos.  2,  3,  and  4,  were  all  hardened,  and  the 
temper  afterwards  drawn  down  in  different  proportions. 

Table  IV.  contains  the  results  of  experiments  made  by  Mr. 
Kirkaldy  for  the  "  Steel  Committee,"  on  the  crushing  strength  of 
carefully  turned  cylinders  of  steel  1*382  inches  in  diameter  (=  1-5 
square  inches  area),  and  whose  height  equalled  4  diameters,  the 
steel  being  intended  for  tyres,  axles,  and  rails.* 

TABLE  IV.— Limit  or  CoMPREasyiB  Elabtioitt  op  Gbuoiblb  and  Besseicbb 

Stesl  babs. 


Kind  of  steel. 

Crashing  weight  per  square  inch  at 
which  sensible  set  commenced,  le., 

Crucible  steel,  hammered, 
Do.          rolled, 

Bessemer  steel,  hammered. 
Do.            rolled. 

'tons. 
22*92 

18-75 

21-79 

18-08 

1 
Mean,    ......  2038 

Shorter  cylinders  of  the  same  kinds  of  steel  of  the  same  sectional 
area,  but  only  one  diameter  in  height,  were  subjected  to  a  crushing 
weight  of  200,000  ifos.  per  square  inch,  the  result  being  that  they 

*  ExpermavU  en  Sted  amd  Iran  hy  a  CommUUt  of  OivU  Engineers,  1868-70. 
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bulged  but  did  not  crack ;  tbe  average  contraction  of  length  (ultimate 
compressive  set)  under  this  strain  was  for  crucible  steel  32  per  cent., 
and  for  Bessemer  steel  38  per  cent.,  of  the  original  length.  From 
31  experiments  made  subsequently  by  the  same  committee  at 
Woolwich  Dockyard,  on  the  compression  of  bars  of  crucible, 
Bessemer,  and  cast-steel,  10  feet  long  and  1^  inches  diameter,  the 
maximum  and  minimum  limits  of  compressive  elasticity  were  27  and 
15  tons  respectively,  and  the  average  was  21*35  tons  per  square  inch, 
which  agrees  sufficiently  closely  with  the  mean  of  the  experiments 
in  Table  lY.  to  allow  us  to  assume  21  tons  to  be  the  practical  limit 
of  compressive  elasticity  of  average  steel. 

The  reader  will  find  in  Chap.  XVI.  additional  experiments  by 
Sir  William  Fairbairn  on  the  crushing  strength  of  various  kinds 
of  steeL    For  the  safe  working  load  see  Chap.  XXVIII. 

VARIOUS  METALS. 

909.  €ra«litaiff  streni^tli  of  copper^  braMi^  tlo^  lead^ 
aluBlnlam-bronaej  sine. — The  following  table  contuns  the  results 
of  experiments  by  Mr.  G.  Rennie  on  the  crushing  strength  of  ^  inch 
cubes  of  different  metals.* 

TABLE  V. — Cbdshino  Stbbnqth  or  Vabious  Metals. 


Deicription  of  metal. 

Cnuhing  welKht 
on  A  i  inch  cube. 

CaBt-oqpper  cmmbled  with 

Fine  yellow  bnfls  reduced  i^jth,  with    • 

Do.                do.     i,       with    • 
Wrought-oopper  reduced  -^th,  with    • 

Do.                do.      1th,    with    • 
Cast-tin                    do.    i^th,  with    • 

* 

Do.                       do.     Jrdf    with    • 
Cast-lead                  do.     4,        with    • 

»                       «                       *                        • 

■  •                        •                        * 

•                                          w                                         *                                         « 

■  •                               •                               • 

B                                                    •                                                     B                                                     • 

»                                     •                                    m                                    m 

■  •                                      »                                     s 

Ibi. 

7818 

8218 

10804 

8427 

6440 

552 

966 

488 

Alluding  to  these  ductile  metals,  Mr.  Bennie  observes : — **  The 
experiments  on  the  different  metals  give  no  satisfactory  results. 
The  difficulty  consists  in  assigning  a  value  to  the  different  degrees 

*  PhU.  Tronic  1818,  p.  125. 
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of  diminution.  When  compressed  beyond  a  certain  thickness,  the 
resistance  becomes  enormous."  The  crushing  weight  of  aluminium 
bronze,  according  to  Professor  Bankine,  is  59  tons  per  square  inch. 
In  my  own  experiments  I  found  that  cast-zinc  will  spread  out  to 
any  degree  under  severe  pressure,  but  it  will  bear  5  or  6  tons  per 
square  inch  without  any  very  appreciable  change  of  shape. 

TIMBER. 

80O.  Croshinir  streng^th  of  timber — ^Wet  timber  not  nearly 
so  stronir  a»  dry. — The  following  table  contains  the  results  of 
experiments  by  Mr.  Hodgkinson  on  the  crushing  strength  of  various 
kinds  of  timber,  ^^  the  force  being  applied  in  the  direction  of  the 

fibre."* 

TABLE  yi.~CBUSHiNa  Stbenqth  or  Timbeb. 


Description  of  wood. 

Crashing  weight  per 
square  inch  of  section. 

Wood  in  the 

ordinary  state 

of  dryness. 

Wood 
very  dry. 

Alder,               .            .            .            - 
Aflh,      -            -            -            -            - 
Baywood,          .            -            -            - 
Beech,               .            .            .            - 
Birch,  American, 
Birch,  EngUsh, 

Cedar,               .            .            .            . 
Crab,    ...            -            - 
Deal,  red,          ...            - 
Deal,  white,      ...            - 
Elder,               .... 
Elm,     ....            - 
Fir,  Spruce,      -           -            .            - 
Hornbeam,        .            .            .            - 
Larch  (fallen  two  months), 
Mahogany,        ...            - 
Oak,  Quebec,    .... 
Oak,  English,   .... 
Oak,  Dantzic  (very  dry). 
Pine,  pitch,       .... 
Pine,  yellow  (full  of  turpentine), 
Pine,  red,          .... 
Plum,  wet,        -            .            -            - 
Plum,  dry,        .... 
Poplar,              -            -            -            - 
Sycamore,         .... 
Teak,    ..... 
Walnut,            .... 
Willow,             .... 

lbs. 

6,881 

8,683 
7,618 
7,733 

8,297 
6,674 
6,499 
6,748 
6,781 
7,461 

6,499 
4,633 
8,201 
8,198 
4,231 
6,484 

6,790 
6,376 
6,396 
3,664 
8,241 
8,107 
7,082 

6,063 
2,898 

lbs. 

6,960 
9,363 
7,518 
9,863 

11,663 
6,402 
6,863 
7,148 
6,686 
7,293 
9,973 

10,831 
6,819 
7,289 
6,568 
8,198 
6,982 

10,058 
7,731 
6,790 
6,446 
7,618 

10,T98 
6,124 

12,Toi 
7,227 
6,128 

PhU,  Trant^  1840,  p.  429. 
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"  The  results  in  the  first  colnmn  were  in  each  case  a  mean  from 
about  three  experiments  upon  cylinders  of  wood  turned  to  be  one 
inch  diameter,  and  two  inches  long,  flat  at  the  ends.  The  wood 
was  moderately  dry,  being  such  as  is  employed  in  making  models 
for  castings.  The  second  column  gives  the  mean  strength,  as 
before,  from  similar  specimens,  after  being  turned  and  kept  drying 
in  a  warm  place  two  months  longer.  The  lengths  of  these  latter 
specimens  were,  in  some  instances,  only  one  inch,  which  reduction 
would  increase  the  strength  a  little.  But  the  great  difference 
frequently  seen  in  the  strength,  as  given  by  the  two  columns,  shows 
strongly  the  effect  of  drying  upon  wood,  and  the  great  weakness  of 
wet  timber,  it  not  having  half  the  strength  of  dry^^ — a  consideration 
of  much  importance  in  works  under  water.  For  the  safe  working 
load  on  timber  see  Chap.  XXYUI. 

STONE,  BRICK,   CEMENT,  AND  GLASS. 

801.  CrashlDfr  streni^th  of  stone  and  briek. — ^The  following 
table  contains  the  crushing  strength  of  stone  and  brick.  For  the 
safe  working  load  see  Chap.  XXVIII. 

TABLE  VII. — Crushino  Stkbnoth  of  Stone  akd  Brick. 


Crashing 

Description  of  atone. 

Specific 
gravity. 

weight 

per 

■qnare 

Inch. 

Authority. 

GRANITia 

lbs. 

Aberdeen,  blue  kind,    .... 

2-625 

10914 

Kennie. 

Peterhead,  hard  dose  grained, 

••• 

8283 

)f 

Comifdi,            ..... 

2-662 

6356 

» 

Killiney,  Co.  Dublin,  very  felfipathic. 

•  •• 

10780 

Wilkinson. 

Kingstown*     do.,        grey  colour, 

•  •• 

10115 

>» 

Blessington,  Co.  Wicklow,  coarse  and  loosely 

aggregated,  ....            - 

«•• 

8630 

n 

Ballyknocken,  Co.  Wicklow,  coarse^  micaceous, 

•  •• 

3178 

n 

Newry,  slightly  syenitic, 

•  •• 

13440 

n 

Mount  Sorrel  granite, 

2-675 

12861 

Fairbaim. 

Sandstohss  ahd  Grits. 

I 

Arbroath  pavement,     .... 

••• 

7884 

Buchanan. 

Caithness        do.          - 

•  •• 

6493 

)f 

Dundee  sandstone  or  Brescia^  • 

2-530 

6630 

Rennie. 

Craigleith  white  freestone, 

2-462 

5487 

n 

Bramley  Fall,  near  Leeds  (with  and  against  strata) 

2-506 

6059 

n 

Derby  Grit,  a  red  friable  sandstone^    • 

2-316 

3142 

n 

Ditto,  from  another  quarry,      ... 

2-428 

4345 

>« 

Yorkshire  paving  (with  and  against  strata),     • 

2-507 

5714 

>* 

Red  sandstone,  Kuncom  (17  feet  per  ton), 

••• 

2186 

L.  Clark. 

Quartz  rock,  Holyhead  (across  lamination), 

••• 

256U0 

Mallet 

Ditto  (parallel  to  lamination), 

••• 

14000 

»f 
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TABLE  YII. — CBUSHiNa  Stbbnoth  op  Stohi  asd  BnicoL-^conHnued. 


Crashing 

Deaerlptlon  of  rtone. 

Spadflc 
gwiXtf, 

weight 

per 

sqtuure 

inch. 

Authority. 

Oolites. 

lbs. 

Portland  stone,             .            .            -            - 

2-428 

8729 

Bennie. 

Bitto,  another  specimen,           ... 

2-428 

4570 

II 

Mabbles. 

Marble,  statuaiy,         .... 

•  •• 

8216 

»« 

Ditto,  wUte  statuary,  not  veined, 

2-760 

6058 

11 

Ditto,  white  Italian,  veined,     - 

2-726 

9681 

II 

Ditto,  black  Brabant,  .... 

2-697 

9219 

» 

Ditto,  Devonshire  red,  variegated, 

... 

7428 

II 

Ditto,  Kilkenny  black. 

... 

15120 

Wilkinson. 

Ditto^  black  Galway,  from  Menlo  qnany, 

... 

20160 

fi 

LliaBTONBB. 

. 

Limestone,  compact,    .... 

2-584 

7718 

Bennie. 

Ditto,  black  compact,  Limerick, 

2-598 

8855 

19 

Ditto,  Pnrbeck,             .... 

2-599 

9160 

II 

Ditto,    magnesian,    Anston,    stone   of  which 

Houses  of  Parliament  are  bnilt, 

••• 

8050 

Fairbaim. 

Ditto,  Anglesea  (18^  cabic  feet  per  ton). 

... 

7579 

L.  Clark. 

Ditto,  Listowel  quarry,  Kerry, 

.•* 

18048 

Wilkinson. 

Ditto,Ballyduff  quarry  nearTullamore,King*BOo. 

•*• 

11840 

11 

Ditto,  Woodbine  quarry  near  Athy,  KildwB^   - 

•.. 

14350 

M 

Ditto,  Finglas  quany,  Co.  Dublin, 

... 

16940 

II 

Chalk, 

... 

501 

Bennie. 

Slatbs. 

... 

10948 

Wilkinson. 

Killaloe  quany,  Tipperazy,  on  bed  of  strata,    - 

... 

26495 

II 

Do.                   do.           on  edge  of  strata,  - 

... 

152-25 

II 

Glanmore,  Ashf ord,  Wicklow,  on  bed  of  strata 

... 

21815 

II 

Do.                   do.               on  edge  of  strata 

... 

12740 

» 

Baiultb  avd  Mbtamobfhio  Rockgl 

Whinstone,  Scotch,      .... 

... 

8270 

Buchanan. 

Felspathic  greenstone,  from  Giant's  Causeway, 

... 

17220 

Wilkinson. 

Homblendic  greenstone,  Galway,  Co.  Gralway, 

... 

24570 

II 

Moore  quarry,   Ballymena,  Antrim,    ciystal- 

line  and  homblendic,             ... 

... 

20552 

II 

Gtauwacke,  from  Penmaenmawr, 

2-748 

16898 

Fairbaim. 

Bbickb. 

Pale  red,          .            -            -            .            - 

2-085 

562 

Bennie. 

Redbrick, 

2-168 

808 

ft 

Yellow-face  baked  Hammersmith  paviors. 

... 

1002 

II 

Yellow-faced  burnt  Hammersmith  paviors,      - 

... 

1441 

II 

Fire  brick,  Stourbridge,           ... 

... 

1717 

II 

Buckley  Mountain  bnck,  N.  Wales,     - 

... 

2180 

L.  Clark. 

Brickwork  set  in  cement  (bricks  not  of  a  hard 

description)             .... 

.•• 

521 

II 

Buchanan,  Pmctieal  Mechanic^ %  Journal,  YoL  ii.,  p.  285. 

L.  Clark,  ITie  Britannia  and  Conway  Tubular  Bruigu,  p.  865. 

Fairbidm,  Useful  itrformaJtUm  for  Bnginean,  second  series,  p.  1 

86. 

Mallet,  PhUaiopkical  TranaacUom,  1862,  p.  671. 
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The  following  table  gives  the  results  of  experiments  made  by 
Mr.  Grant  with  a  hydraulic  press  on  the  crushing  strength  of 
various  kinds  of  brick.* 


TABLE  VTTT.— OBUSHiNa  Stbivoth 

[>r  CoKxov  Bbiok  and  Bbioks  kadi  of 

PORTLAKD  GiMIVT. 

1 

Breadth 

1 

Aieaez- 
poMdto 

Weight 

CiUBhtng 
weight 

Deaeription  of  bride 

prMSuro. 

Drj. 

Wet 

per  brick. 

ins. 

ins. 

ins. 

ins. 

lbs. 

lbs. 

tons. 

Gault  clay,  presBed,  • 

8-75 

4125 

2-75 

86-09 

5-18 

6-47 

40-04 

Gault  day,  wire  cut, 

9-00 

4-125 

2-75 

87-125 

5-86 

6-85 

82-70 

Gault  clay,  perforated, 

9*00 

4-875 

2*625 

89-875 

4-95 

5-76 

46-40 

Suffolk  biimstonee,   ... 

9-00 

4-5 

2-626 

40-5 

618 

7-14 

84-94 

Stock, 

9-00 

4125 

2-625 

87125 

5-0 

6-57 

88-74 

Fareham  red,    -        -        .        - 

8-76 

4-125 

2-625 

86-09 

6.55 

7-62 

90-40 

Staffordshire  blue  (pressed,  with 

frog), 

8-76 

4-125 

2-75 

86-09 

7-82 

7-90 

111-04 

Staffordshire  bliie(rocigh,  without 

froff),         .... 
Fortiand  Cement  bricks,  neat. 

8-75 

4-125 

2-75 

8609 

7-75 

7-81 

117-92 

compressed,  and  kept  in  air 

12  months. 

9-00 

4-5 

8-0 

40-50 

9-61 

9-76 

96-60 

Do.  kept  in  water  12  months,    • 

... 

... 

... 

••• 

»»• 

••• 

182-62 

Portland  Cement  and  sand,  1  to 

4,  compressed  and  kept  in 

idr  12  months,    ... 

••. 

•a. 

>•■ 

■•• 

8-79 

9-51 

48-60 

Do.  kept  in  water  12  months,    - 

... 

•  •* 

*•■ 

•.a 

aa. 

m9» 

29-92 

Portland  Cement  and  sand,  1  to 

6,  compressed  and  kept  in 

air  12  months,    ... 

••. 

... 

..• 

aaa 

8-48 

9-88 

80-28 

Do.  kept  in  water  12  months,    - 

... 

... 

•  a. 

»•• 

■  aa 

•  am 

11-24 

8M.  IHode  of  ftaeture  of  stone. — In  Mr.  Clark's  experiments 
^Hhe  sandstones  gave  way  tuddenh/y  and  without  any  previous 
cracking  or  warning.  After  fracture  the  upper  portion  generally 
retained  the  form  of  an  inverted  square  pyramid,  very  symmetrical, 
the  sides  bulging  away  in  pieces  all  round.  The  limestones  formed 
perpendicular  cracks  and  splinters  a  considerable  time  before  they 
crushed."  Mr.  Bennie  observes,  '4t  is  a  curious  fact  in  the 
rupture  of  amorphous  stones,  that  pyramids  are  formed,  having 
for  their  base  the  upper  side  of  the  cube  next  the  lever,  the 
action  of  which  displaces  the  sides  of  the  cubes,  precisely  as  if  a 
wedge  had  operated  between  them.*'  Mr.  Wilkinson  remarks, 
*'  The  results  of  the  (one  inch)  cubes  experimented  on  show  the 
strongest  stones  to  be  the  basalts,  primary  limestones,  and  slates. 
Of  the  limestones,  the  primary  limestones  and  compact  hard  calp 
are  the  strongest;  and  the  light  dove-coloured  and  fossiliferons 

♦  Proe.  InH,  C£,^  VoL  xxxii 
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limestones  are  among  the  weakest.  The  strength  of  the  sand- 
stones, like  their  mineral  aggregation,  is  very  variable." 

The  strength  of  stones,  though  bearing  the  same  name  and  pre- 
senting the  same  lithological  characters,  is  so  variable  in  different 
localities,  that,  when  any  building  of  importance  is  proposed,  it  is 
prudent  to  test  the  strength  of  the  stone  by  actual  experiment 
rather  than  trust  to  books  for  the  information  required.  In  my 
own  experiments,  I  find  that  with  granite  and  limestones  the 
first  crack  may  be  expected  to  take  place  with  from  one-half  to 
two-thirds  of  the  ultimate  crushing  weight. 

808.  Cmshinifr  sCreni^  of  rabble  ma«oiiry. — Professor 
"Rankine  states  that  *'  the  resistance  of  good  coursed  rubble  masoniy 

to  crushing  is  about  four-tenths  of  that  of  single  blocks  of  the  stone 

that  it  is  built  with.     The  resistance  of  common  rubble  to  crushing 

is  not  much  greater  than  that  of  the  mortar  which  it  contains."* 

For  the  safe  working  load  on  masonry  see  Chap.  XXVUI. 

804.  Crosbin^  strenir^h  of  Portland  cements  mortar  and 
concrete. — The  following  table  contains  the  results  of  experi- 
ments by  Mr.  Grant  on  the  crushing  strength  of  Portland  cement 
and  cement  mortar,  t 
TABLE  IX. — Cbushino  btbxnoth  or  Fobtlakd  obmbht  akd  Cucbnt  vobtab. 


Description  of  cement  or  mortar. 


Cmshing 
weight 

per 
aquare 
inch. 


Portland  cement,  neat, 

1  Portland  Cement  to  1  pit  sand, 
ditto  2     ditto, 

ditto  8     ditto, 

ditto  4     ditto, 

ditto  6     ditto, 

Portland  cement,  neat, 

1  Portland  Cement  to  1  sand, 
ditto  2  ditto, 

ditto  S  ditto, 

ditto  4  ditto, 

ditto  6  dittO) 

Portland  cepaent,  neat, 

1  Portland  Cement  to  1  pit  sand, 
ditto  2     ditto, 

ditto  8     ditto, 

ditto  4     ditto, 

ditto  5     ditto. 


d 

o 

B 


a 

§ 


8795 
2491 
2004 
1486 
1381 
959 
5888 
8478 
2762 
2156 
1797 
1540 
5984 
4561 
8647 
2898 
2208 
1678 


*  CwU  Bngineeringf  p.  887. 


t  Proc.  ItuL  C.  E.y  Vol.  xxv. 
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In  these  experiments  the  specimens  were  made  into  bricks 
9  X  4*25  X  2*75  inches,  and  exposed  to  the  pressure  of  a  hydraalic 
press  on  their  fiat  surface  of  9  X  4*25  inches  =  38*25  square 
inches.  The  results  would  doubtless  have  been  somewhat  different 
if  they  had  been  cubes.  Each  specimen  showed  signs  of  giving 
way  with  considerably  less  pressure  than  that  which  finally  crushed 
it,  the  average  ratio  of  the  weight  which  produced  the  first  crack 
to  that  which  finally  crushed  it  being  nearly  as  f . 

The  following  table  gives  the  strength  of  lime  mortar  18  months 
old,  on  the  authority  of  Rondelet.* 

TABLE  X. — CBusmKO  stbinoth  of  Lnii  Mobtab  18  honths  old. 


DeMripfelon  of  mortar. 


Cmahins 
weight 

per 

•qnare 

inch. 


Mortar  of  lime  and  riyer  sand, 

Tlie  same,  beaten, 

Mortar  of  lime  and  pit  sand,    - 

The  nme,  beaten, 

Mortar  of  cement  and  ponnded  tiles, 

The  same,  beaten. 

Mortar  made  with  pomided  sandstone, 

Mortar  made  with  puziolana  from  Niq>leB  and 

Rome  mixed, 
The  same,  beaten. 


fts. 

436 
596 
578 
800 
677 
929 
417 

521 
758 


Fifteen  years  later  these  experiments  were  repeated^  when 
mortars  of  lime  and  sand  were  found  to  have  increased  in  strength 
about  ^th,  and  mortars  of  cement  or  puzzolana  about  ^th. 

The  following  tables  give  the  results  of  some  of  Mr.  Orant*8 
experiments  with  a  hydraulic  press  on  the  crushing  strength  of 
concrete  blocks,  made  of  Portland  cement  and  ballast  in  various 
proportions,  set  and  kept  in  air  for  one  year,  also  set  and  kept  in 
water  for  the  same  timcf 


*  Navier,  AppUeation  de  la  Mieanique^  p.  8. 
t  Proe,  L  C.  B^  Vol.  xxxiL 
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TABJiE  XL — ^PoBTLAVD  CEMurT  CoifOBiTK  Blocks  of  Ballast,  set  and  h^  f»  Air 
for  One  Tear,  also  set  and  h^t  in  WcUer  for  the  same  time. 


Size  of  Block- 

12"  X  12"  X  12 

''.    Compressed. 

W^^k^t^m.  ^^^^ 

Weight  In  Ite. 

Weight  of  each 
Block  in  tba. 

CradMd  at  toaa. 

iTopor- 

Remsilcs. 

Cement. 

Sand  and 
OrareL 

Water. 

Kept  In 
Air. 

Kept  In 
Water. 

Air. 

Water. 

Itol 

69*36 

66*96 

16-00 

137-60 

147-25 

107'0» 

170*50 

*  EzoeptionaL 

2„  1 

42-64 

96-40 

12-00 

142^60 

152-50 

149-0 

160*0 

8«  1 

8200 

108-56 

10-00 

145-25 

152-25 

113*0 

116-60 

4  „  1 

25-84 

116-96 

8-80 

145*75 

152-50 

1030 

108-60 

5.,  1 

21-28 

120-24 

800 

142-10 

160-95 

89-0 

99*50 

«„  1 

18  08 

122-48 

8*00 

141-56 

150-00 

80*60 

91*0 

7.,  1 

15-84 

125-04 

7-60 

141-70 

150*20 

75*0 

80*50 

8„  1 

14-08 

127*04 

7-60 

142-30 

160-80 

61*50 

76*0 

»,.  1 

12-64 

128-64 

7-20 

142-10 

151-50 

64-0 

68-60 

10  „1 

11-86 

128-88 

6-80 

142-00 

15000 

48*60 

48-0 

Size  of  Bloek- 

-6"  X  6"  X  6". 

Compi 

ressed. 

Itol 

7-42 

8-37 

2-00 

17*50 

18-04 

38-0 

33-60 

2  „1 

5-88 

12-05 

1-50 

17-78 

18-97 

43-0 

34-50 

8,.  1 

4-00 

13-57 

1*25 

18*28 

19-35 

30-0 

35-50 

4  n  1 

3*28 

14*62 

1-10 

18*28 

18*71 

30-0 

28-00 

6„  1 

2-66 

15-03 

100 

18-26 

18*98 

24-50 

35*50 

6  „  1 

2-26 

15-31 

1-00 

17-90 

18*60 

20-40 

19*60 

7.,  1 

1-98 

15-68 

•95 

17-85 

18*85 

16-50 

16-0 

8„  1 

176 

15-88 

•95 

17*86 

18*90 

13-50 

13-50 

»  ,.  1 

1-58 

16-08 

•90 

17*78 

19*0 

12*0 

11*00 

10.,  1 

1-42 

16-11 

•85 

17*68 

18*70 

10*50 

10*60 

Siae  of  Block— C 

1"  X  6"  X  6". 

N'ot  Compressed. 

Itol 

7-12 

8*04 

1^92 

16-44 

17*60 

30*0 

37-60 

2„  1 

4*90 

11-09 

1*38 

17*57 

18*08 

38*50 

86*00 

8„  1 

3-56 

12*11 

1-11 

17*75 

18*98 

24-0 

28-00 

4.,  1 

2-85 

12-92 

*97 

17-84 

18*28 

28*0 

27-00 

• 

6,.  1 

2*83 

13*18 

•87 

17-90 

18*78 

24*0 

23-50 

6m  1 

2-00 

13*49 

•88 

17-85 

18-30 

18*20 

17*00 

7..  1 

1-77 

14-02 

•85 

17-32 

17*90 

14*0 

12-60 

8,.  1 

1-60 

14*51 

*85 

17-38 

17*95 

12*60 

11-00 

».,  1 

1-43 

14-59 

•80 

17-40 

17*97 

10*0 

9-00 

10  „  1 

1-26 

14-35 

•76 

17*20 

17-50 

8*0 

700 

It  will  be  observed  that  the  concrete  which  was  compressed 
was  considerably  stronger  than  that  not  compressed.  In  my 
own  practice  I  always  have  concrete  carefully  rammed,  and 
when  it  forms  the  matrix  for  large  rubble  stone  the  concrete  is 
compressed  between  the  stones  with  iron  tamping  tools  having  T 
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shaped  ends  about  5  inches  long.  This  permits  it  to  be  mixed 
stiff  with  but  little  water,  and,  when  thus  solidly  rammed,  the 
stones  will  generally  break  sooner  than  the  concrete  in  which 
they  are  imbedded.  In  one  of  Mr.  Grant's  experiments  a  twelve- 
inch  cube  of  concrete,  made  with  blue  Lias  lime  and  Thames 
ballast  1  +  69  10  months  old  and  kept  in  water,  bore  6  tons  per 
square  foot,  or  93  ibs.  per  square  inch.  A  similar  cube  of  Lias 
concrete,  but  made  with  Bramley  Fall  chippings  1  +  6,  in  place 
of  ballast,  and  also  kept  in  water  10  months,  bore  20*4  tons  per 
square  foot,  or  317  fibs,  per  square  inch.*  For  the  safe  working 
load  on  concrete  see  Chap.  XXVm. 

805.  CriMliliiff  strenyth  of  ylass. — The  following  table  con- 
tains the  crushing  strength  of  glass  from  experiments  by  Sir  Wm. 
Fairbaim  and  Mr.  Tate.f 

TABLE  Xn.— CBUSBiNa  Stbeboth  of  annbaued  Glass  Babs. 


Kind  of  OlMt. 

Sp. 

gmyitf. 

Cnuhhig  weight 
per  •qiure  Inch. 

Bart  flint  gUas  umealed  rod«  dnwn  oat  when  m<)lten 
to  about  1  inch  diameter,     .... 
Common  green  gUas        ditto           ditto, 
White  crown  glaas           ditto           ditto, 

8-0782 
2*6284 
2*4604 

lbs.         tons. 

27682  =  12*318 
81876  =  14-227 
81008  =  18*840 

**  The  specimens  were  crushed  almost  to  powder  from  the  violence 
of  the  concussion,  when  they  gave  way;  it,  however,  appeared 
that  the  fractures  occurred  in  vertical  planes,  splitting  up  the 
specimen  in  all  directions ;  cracks  were  noticed  to  form  some  time 
before  the  specimen  finally  gave  way ;  then  these  rapidly  increased 
in  number,  splitting  the  glass  into  innumerable  irregular  prisms 
of  the  same  height  as  the  cube ;  finally,  these  bent  or  broke,  and 
the  pressure,  no  longer  bedded  on  a  firm  surface,  destroyed  the 
specimen.**  Seven  cubes  were  also  cut  from  the  centre  of  large 
lumps  of  glass,  and  crushed.  Their  resistance  was  less  than  that 
of  the  drawn  rods  in  the  ratio  of  f ,  possibly  because  they  were 
less  perfectly  annealed  than  the  drawn  rods,  and  also  because  the 
external  skin  of  the  latter  gave  them  some  extra  strength  (995). 

•  Proc.  I.  C.  B.,  VoL  xxv.,  p.  110. 

t  PhUotopkictd  Tranmeiioni,  1869,  p.  218. 
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CHAPTER  XV. 


Fig.  100. 


PILLABS. 

806.  Terj  lonff  thin  pillars. — The  law 

which  determines  the  flexure  of  very  long  thin 
pillars  may  be  investigated  theoretically  as 
follows: — Let  Fig.  100  represent  a  pillar  of 
uniform  section  throughout,  not  fixed  at  the 
ends,  very  long  in  proportion  to  its  breadth,  and 
just  on  the  point  of  failing  from  flexure. 
Let  W  =  the  deflecting  weight, 

D  =  the  lateral  deflection  at  the  centre. 
M  =  the  moment  of  resistance  of  the 
longitudinal  elastic  forces  (59), 
b  =  the  breadth  of  the  pillar, 
(2  =  its  diameter  or  least  lateral  dimension, 
/  =  its  length, 

/  =  the  longitudinal  unit-stnun  in  the  extreme  fibres  in  a 
horizontal  section  across  the  middle  of  the  pillar, 

X  =  the  difierence  in  length  between  the  convex  and  the 

concave  edges  of  the  pillar, 
C  =  the  resultant  of  all  the  longitudinal  forces  of  compres- 
sion in  the  concave  side  at  the  plane  of  section, 
T  =  the  resultant  of  all  the  longitudinal  forces  of  tension 

in  the  convex  side  at  the  plane  of  section, 
E  =  the  coefficient  of  elasticity. 
The  upper  half  of  the  pillar  is  held  in  equilibrium  by  three  sets 
of  vertical  forces — viz.,  the  weight,  acting  in  the  chord-line  of  the 
curve;  the  longitudinal  tensile  strains  in  the  convex  side  at  the 
middle  section;  and  the  longitudinal  compressive  strains  in  the 
concave  side,  also  at  the  middle  section.  When  the  pillar  is  very 
long  in  proportion  to  its  width,  and  the  deflection  therefore 
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considerable,  even  though  the  curyature  be  small  *  we  may  assume 
D  equal  to  the  distance  from  the  chord-line  to  either  the  centre 
of  tensile  or  the  centre  of  compressive  strains.  Taking  moments 
round  either  of  these  points  indifferently,  we  have 

W  D  =  M  nearly,  (a) 

Again,  assuming  that  the  deflection  curve  is  a  circle,  from  which  it 
can  differ  but  slightly,  we  have  from  eq.  132, 

D  =  g^  nearly,  (6) 

whence,  by  substitution  in  eq.  (a),  we  have, 

W  =  ?^  (c) 

Further,  recollecting  that  X  ia  equal  to  the  contraction  of  the 
concave  plus  the  extension  of  the  concave  edge,  ve  have  from  eq.  2, 

Substituting  this  in  eq.  (c),  we  have 

W  =  ^^^  (230) 

Beplacing  M  by  its  values  in  91  and  the  succeeding  sections  and 

d  .  .2c 

recollecting  that  the  ratio  ^  in  eq.  230  is  equal  to  the  ratio  -^ 

in  the  46th  and  succeeding  equations,  we  obtain  the  following  values 
for  the  strength  of  long  pillars t  of  various  sections: — 

*  Mr.  HodgkiBBon't  ezperimentB  show  that  this  investigatioii  is  not  applicable  to 
piUan  whose  length  ia  leas  than  fifty  diameters  if  made  of  cast-iron,  or  eighty 
diameters  if  made  of  wronght-iron. 

t  Calling  the  diameter  luity,  it  may  be  shown  that  the  lateral  deflection  of  a  Teiy 
long  pillar  per  xmit  of  its  length  ss  }th  of  the  shortening  of  the  concave  side,  or  }th  of 
the  extension  of  the  oonyex  side^  per  linear  unit,  in  the  following  manner  :— 
Let  R  =s  the  radius  of  curvature, 

9  =  the  lateral  deflection  of  a  unit  of  length, 
X*  s=  the  longitudinal  shortening  or  extension  per  linear  unit, 
and  the  other  symbols  as  before ; 

from  (6),     D  3=  —.  or,  since  d  ^  unity,  ==  — - 

also,    a  =  ~,  and  D  =  J^ 
*  8R  SR 
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801.  Iionv  solid  reetonyalar  pillars — ^I^oiiv  solid  rond 
pillars — ^ItfODip  boUow  round  pillars — Strenirth  of  loair  pillars 
depends  on  the  eoeHlelent  of  elasticity. — From  equations  46 
and  230  we  have  for  long  solid  rectangular  pillars, 

W  =  ^  (231) 

where  d  =  the  shortest  side. 
From  equations  48  and  230  we  have  for  long  solid  pound  pillars, 

W  =  ^  (232) 

where  d  =  the  diameter  of  the  pillar. 
From  equations  49  and  230  we  have  for  long  hollow  round  pillars 

W  =  ^^(^g~  ^^'^  (233) 

where  d  =  the  external  diameter, 

di  =  the  internal  diameter. 

These  equations  prove  that  the  strength  of  very  long  square  or 

round  pillars  varies  as  the  fourth  power  of  their  diameter  divided 

by  the  square  of  their  length,  and  the  longer  the  pillar  is  in  pro- 

portion  to  its  diameter,  the  closer  will  these  equations  represent  the 

truth ;  in  such  pillars  the  neutral  surface  will  not  lie  far  from  the 

central  axis,  and  the  deflecting  weight,  W,  will  be  small  compared 

to  that  which  would  crush  a  very  short  pillar  of  the  same  diameter. 

It  is  also  to  be  observed  that  the  strength  of  very  long  pillars 

depends,  not  on  the  strength  of  the  material,  but  on  E,  which 

represents  its  stiffness  and  capability  of  resisting  flexure.    This 

theoretic  result  agrees  with  the  fact  that,  although  a  short  round 

pillar  of  cast-iron  will  bear  a  much  greater  weight  than  a  similar 

pillar  of  wrought-iron,  because  the  crushing  strength  of  cast-iron  is 

from  two  to  three  times  greater  than  that  of  wrought-iron,  yet  a 

solid  wrought-iron  pillar  over  26  diameters  in  length  will  support  a 

greater  weight  than  a  similar  one  of  cast-iron,  because  the  coefficient 

of  elasticity  of  wrought-iron  is  considerably  higher  than  that  of 

cast-iron  (SM). 

808.  Strength  of  similar  Um^  pillars  are  as  their  trans- 
Terse  areas — ^Welyhts  of  lonir  pillars  of  eqnal  strenprtli  and 
similar  In  section^  bat  of  dlflterent  lenirthSj  are  as  the  squares 
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of  their  lenytlui. — These  equations  also  prove  that  the  strengths 
of  similar  long  pillars  are  as  the  squares  of  any  linear  dimension, 
that  is,  as  their  transverse  areas ;  while  their  weights  are  as  the 
cubes  of  any  linear  dimension.  Further,  if  the  strengths  of  long 
pillars  of  similar  section  remain  constant  while  their  lengths  vary, 
their  transverse  areas  will  vary  as  their  lengths,  and  their  weights 
therefore  will  vary  as  the  squares  of  their  lengths. 

W9.  WelffU  which  will  deflect  a  wery  loii|p  pillar  Is  Terjr 
near  the  hreaklnv  welf^ht* — It  appears  from  eq.  (6)  that,  if  a 
very  long  pillar  be  bent  in  different  degrees,  D  will  vary  as  X,  that 

is,  as/  (9) ;  and,  from  eq.  (a),  W  =  -=-,  which  is  constant,  since  M 

also  varies  as  /;  hence  it  follows,  that  W,  the  weight  which  keeps 
the  pillar  bent,  is  nearly  the  same  whether  the  flexure  be  greater  or 
less.  This  statement  would  be  accurately  true  were  it  not  that 
the  assumptions  on  which  eqs.  (a)  and  (b)  are  based  and  the  law  of 
elasticity  are  only  approximate.  It  will,  however,  agree  very  closely 
with  experiment  when  the  pillar  is  long  enough  to  allow  D  to  be 
considerable,  even  though  the  curvature  be  small.  From  this  it 
f  ollo¥rs,  that  any  weight  which  produces  moderate  flexure  in  a  very 
long  pillar  will  also  be  very  near  the  breaking  weight,  as  a  trifling 
additional  load  will  bend  the  pillar  very  much  more,  and  strain 
the  fibres  beyond  what  they  can  bear.  This  theoretic  result  is  in 
accordance  with  the  following  observation  of  Mr.  Hodgkinson  : — 
''  From  the  first  experiment  on  long  hollow  pillars  with  rounded 
ends,  it  was  evident  that  so  little  flexure  of  the  pillar  was  necessary 
to  overcome  its  greatest  resistance  (and  beyond  this  a  smaller  weight 
would  have  broken  it),  that  the  elasticity  of  the  pillars  was  very 
little  injured  by  the  pressure,  if  the  weight  was  prevented  from 
acting  upon  the  piUar  after  it  hegan  to  sink  rapidly,  through  its 
greatest  resistance  being  overcome."* 

As  all  the  longitudinal  forces  at  the  middle  of  the  pillar  balance, 
we  have  the  following  equation : — 

C  =  T  +  W. 
This  enables  us  to  predict  how  a  very  long  pillar  will  fail,  whether 

•  PhiL  Tram.,  1840,  p.  411. 
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by  the  convex  side  tearing  asunder,  or  by  the  concave  side  crushing. 
A  long  wrought-iron  pillar,  for  instance,  may  be  expected  to  fail 
on  the  concave  side,  because  its  power  to  resist  compression,  t.«., 
bulging,  is  less  than  that  to  resist  extension.  A  long  pillar  of  cast- 
iron,  on  the  contrary,  will  probably  fail  by  the  convex  side  tearing 
asunder,  because  the  compressive  strength  of  cast-iron  greatly 
exceeds  its  tenacity.  This  is  corroborated  by  Mr.  Hodgkinson's 
experiments  on  long  hollow  cast-iron  pillars  which  "  seldom  gave 

way  by  compression."* 

810.  Pillars  divided  Into  three  elasses  aeeordtafp  to 
lenirth. — Our  knowledge  of  the  laws  of  the  resistance  of  pillars  to 
flexure,  though  perhaps  not  so  satisfactory  in  a  theoretic  point  of 
view  as  might  be  desired,  is,  however,  owing  to  Mr.  Hodgkinson's 
able  investigations,  aided  by  the  liberality  of  Sir  William  Fairbaim, 
the  late  Mr.  R.  Stephenson  and  the  Royal  Society,  practically  far 
enough  advanced  to  enable  us  to  predict  with  considerable  accuracy 
the  strength  of  pillars  of  the  usual  forms.  The  results  of  these 
investigations  are  here  given;  the  reader  who  desires  more 
detailed  information  respecting  the  experiments,  is  referred  to  Mr. 
Hodgkinson's  original  paper8,t  in  which  he  divides  pillars  into  three 
classes  according  to  length : — 

1^.  Short  pillarSf  whose  length  (if  cast-iron,  under  four  or  five 
diameters)  is  so  small  compared  with  their  diameter  that  they  fail 
by  actual  crushing  of  the  material,  not  by  flexure ;  the  strength  of 
these  has  been  already  investigated  in  the  previous  chapter. 

2**.  Long  flexible  pillars^  whose  length  is  so  great  (if  cast-iron, 
thirty  diameters  and  upwards  when  both  ends  are  flat,  fifteen 
diameters  and  upwards  when  both  ends  are  rounded,)  that  they  fail 
by  flexure  like  girders  subject  to  transverse  strain,  the  breaking 
weight  being  far  short  of  that  required  to  crush  the  material  when 
in  short  pieces. 

♦  PhU.  Trans.,  1840,  p.  409. 

t  Rqxtrt  of  the  BrUuk  Astociation,  Vol.  vL^PkQoaopMcal  TrantacHontt  1840 
and  1857. — ExpenmetUal  lUtearchet  on  the  gtrength  and  other  properUes  of  Caet-Iron. 
By  R  Hodgkinaon,  F.R.S.  London,  1846. — Report  of  the  Commietwnere  appointed  to 
inquire  into  the  appUoation  of  Iron  to  BaUway  Structwret,  1849. 
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3^.  Medhmiy  or  short  flexible  pillars^  whose  length  is  such  that, 
though  they  deflect,  yet  the  breaking  weight  is  a  considerable 
portion  of  that  required  to  crush  short  pillars.  This  class  includes 
all  pillars  which  are  intermediate  in  length  between  those  in  the 
first  two  classes,  and  they  may  be  said  to  fail  partly  by  flexure  and 
partly  by  crushing. 

In  the  Mowing  remarks  the  passages  in  inverted  comnuis  are 
verbatim  extracts  from  Mr.  Hodgkinson's  writings. 

Long  pillabs  which  fail  by  flexube;  length,  if  both 
ends  abe  flat  and  fibmly  bedded,  exceeding  30  dia- 
metebs  fob  cast-ibon  and  timbeb,  and  60  diamktebs 
fob  wb0u6ht-ib0n. 

811.  IrfOnir  pillars  wUh  flat  ends  flrmly  bedded  are  three 
times  stronger  than  pillars  with  round  ends. — ''In  all  long 
pillars  of  the  same  dimensions,  the  resistance  to  fracture  by  flexure 
is  about  three  times  greater  when  the  ends  of  the  pillars  are  flat 
and  firmly  bedded,  than  when  they  are  rounded  and  capable  of 
turning."— -JEip.  Res.,  p.  332.  From  this  it  follows,  that  pillars  like 
the  jib  of  a  crane  would  be  much  stronger  if  their  ends  were  fixed ; 
there  is,  however,  a  practical  advantage  sometimes  in  having  them 
jointed  for  the  purpose  of  altering  the  range  or  height  of  the  jib. 

818.  Strength  of  pillars  with  one  end  round  and  the  other 
flat  Is  a  mean  hetween  that  of  a  pillar  with  hoth  ends 
round  and  one  with  hoth  ends  flat. — '*  The  strength  of  a  pillar, 
with  one  end  round  and  the  other  flat,  is  the  arithmetical  mean 
between  that  of  a  pillar  of  the  same  dimensions  with  both  ends 
rounded,  and  with  both  ends  flat.  Thus,  of  three  cylindrical  pillars, 
all  of  the  same  length  and  diameter,  the  fij*st  having  its  ends 
rounded,  the  second  with  one  end  rounded  and  one  flat,  and  the 
third  with  both  ends  flat,  the  strengths  are  as  1,  3,  3,  nearly." — 
Exp.  Res.y  p.  332.  This  law  applies  to  medium  as  well  as  to  long 
pillars,  but  in  the  medium  pillars  the  strength  of  those  with  flat 
ends  varies  from  3  to  1*5  times  that  of  those  with  rounded  ends,  or 
less  according  as  we  reduce  the  number  of  times  which  the  length 
exceeds  the  diameter. — PhU.  Trans.^  1840,  pp.  389,  421. 
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|i@<^^4|^»^i^WB  lixed  Is  M  BtroBK  m  a 

?attlWj^t^^p|ijri^^i/lm  milii — "A  long  aniform 

f  discs  or  othenrise,  has 

l^llar  of  the  same  diameter, 

Wed  or  turned  so  that  the 

_    jSi>§;^.  ifca.,  p.  332. 

||g\[«5^BraiiiMf^  it  following  explanation : — 

^^fti^i^hiM l^uf^Hk  were  bent  by  a  pressure 

^^lEC^SKffi^'nif^e/B,  where  all  the  carves 

|^!§^^^^ie!&^PH^  ^^«  straight  hne  AceB, 

!^S4SC$I^u7l  H'OI^m''^'*'  was  supposed  to  be 

t  the  points  b  and  /,  by 

__ »  points.     This  done,  it  is 

|-|^^^^'«i^itg^  i&CR^iie  parts  near  to  A  and  B, 
r^k^ufaS^^tfa^N^carve  bcdefoi  the  part  of 
E):^2r^|lK^>t|p^:^p^ind  consider  only  that  part. 
^*g3i^iaSt;|g4fi^^"^'^^^  shall  have  to  consider, 

Mil'i'M'^Sl^-^a^li'I^P's^  ^^  contrary  flexure,  con- 
p^a^Dt  in  them.     These  points 
•xf^CgS'  the  pressure  which  forces 
S;S@lar  might  be  reduced  ta 
■(C^Sed  they  were  not  crushed 
^sing  force.     These  points 
^||iting  like  the  rounded  ends 
^^1^^  cde  of  the  pillar,  with  its 
fBTJ^  same  weight  as  the  whole 
5,lt|ja  ends,  bf,  firmly  fixed," — 

iMnM,  steel,  wrOBBht- 

ies  were  found  to  exist 

wood,"  as  well  as  cast-iron. 

|38  BO  great  in  proportion  to 

•3>*^<^^^'>  <>f  the  pillar  u  far  short 

~i9f  the  crushing  unit-stnun 


[ 
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815.   PosltlOM  of  fracture  in  lonff   east-lroii   pillars. — 

Long  nniform  cast-iron  pillars  with  both  ends  round  break  in  one 
place  only — ^the  middle ;  those  with  both  ends  flat  in  three — at  the 
middle  and  near  each  end ;  those  with  one  end  round  and  one  flat, 
at  about  one-third  of  the  distance  from  the  round  end.  Plate  III. 
represents  the  curves  indicating  the  form  of  flexure  in  each  class 
of  pillar.— PAa.  Trans.,  1857,  p.  858. 

810.  lllflM  on  the  ends  add  lint  UiUe  to  the  strength  off 
ilat*ended  pillars. — Cast-iron  pillars  with  discs  on  their  ends  are 
somewhat  stronger  than  those  with  merely  flat  ends,  but  the 
difierence  of  strength  is  trifling. — FhiL  Trana,^  1840,  p.  391. 

81Y.  llnlarglnffr  the  diameter  in  the  middle  off  solid  pillars 
Increases  their  strength  sUyhtly. — "  In  all  the  (solid  cast-iron) 
pillars  with  rounded  ends,  those  with  increased  middles  were 
stronger  than  uniform  pillars  of  the  same  weight,  the  increase 
being  about  one-seyenth  of  the  weight  borne  by  the  former.**  This 
increase  of  strength  was  more  marked  in  pillars  with  rounded  ends 
than  in  those  with  discs,  for  '4n  the  pillars  with  discs,  those  with 
the  middle  but  little  increased  had  no  advantage,  with  regard  to 
strength,  over  the  uniform  ones.  But  the  pillars  with  the  middle 
diameter  half  as  great  again  as  the  end  ones  bore  from  one-eighth 
to  one-ninth  more  than  uniform  pillars  of  the  same  weight  with 
discs  upon  ihe  ends." — PhU.  Trans.,  1840,  p.  395. 

818*  linlari;lnff  the  diameter  in  the  middle  or  at  one 
end  off  hollow  pillars  does  not  Increase  their  strength. — 

In  hollow  (cast-iron)  pillars  of  greater  diameter  at  one  end  than  the 
other,  or  in  the  middle  than  at  the  ends,  it  was  not  found  that  any 
additional  strength  was  obtained  over  that  of  uniform  cylindrical 
pillars.** — Exp.  Res.,  p.  349. 

819.  Solid  square  east>lron  pillars  yield  In  the  direction 
off  their  dlaironals. — Solid  **  square  (cast-iron)  pillars  do  not  bend 
or  break  in  a  direction  parallel  to  their  sides,  but  to  their  diago- 
nals, nearly.'* — Exp.  Res.,  p.  331. 

880.  liOnip  pillars  IrrefrnlArly  fixed  lose  flrom  two-thirds  to 
Ihnr^lifths  off  their  strenirth*-^"  A  (long)  pillar  irregularly 
fixed,  so  that  the  pressure  would  be  in  the  direction  of  the  diagonal, 
is  reduced  to  one-third  of  its  strength,  the  case  being  nearly 
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similar  to  that  of  a  (long)  pillar  with  rounded  ends,  the  strength  of 
which  has  been  shown  to  be  only  ^rd  of  that  of  a  pillar  with  flat 
ends." — Exp.  Res.,  p.  350.  And  in  two  experiments  on  long  solid 
cast-iron  pillars  with  the  ends  formed  so  that  the  pressure  would  not 
pass  through  the  axis,  but  in  lines  one-fourth  of  the  diameter  and 
one-eighth  of  the  diameter  respectively  from  one  side,  the  breaking 
weights  were  little  more  than  one-half  that  of  a  pillar  of  the  same 
dimensions  with  the  ends  turned  so  that  the  force  would  pass 
through  the  axis,  that  is,  their  strength  was  reduced  to  about  J-th 
of  that  of  a  similar  flat-bedded  pillar. — PhiL  Trans.,  1840,  pp. 
413,  449. 

891.  Strenirth  of  similar  lonfp  pillars  Is  as  thtUr  transTerse 
area. — The  strength  of  similar  long  pillars  is  nearly  as  the  area 
of  their  transverse  section.  As  derived  from  Mr.  Hodgkinson's 
experiments  on  cast-iron,  the  strength  varied  as  the  1*865  power 
of  the  diameter  or  any  other  linear  dimensions. — Exp.  Rea.^  p.  346. 
This  has  already  been  proved  theoretically  in  IIO§. 

CAST-IRON  PILLABS. 

M9.  Hodirklnsoii*s  roles  Iter  solid  or  hollow  round  east- 
Iron  pillars  whose  lenirth  exeeeds  80  diameters. — The  fol- 
lowing formulas  have  been  deduced  by  Mr.  Hodgkinson  from  his 
experiments  to  represent  the  breaking  weights  of  pillars  with  both 
ends^^  and  well  bedded,  and  whose  lengths  exceed  30  diameters.* 
If  the  ends  are  rounded  or  otherwise  insecurely  bedded,  the 
breaking  weight  given  by  the  formulse  must  be  divided  by  3  (Ul). 
Let  W  =  the  breaking  weight  in  tons, 

/  =  the  length  of  the  pillar  in  feet, 
d  =  the  external  diameter  in  inches, 
dy  z=  the  internal  diameter  of  hollow  pillars  in  inches, 
m  =  a  coefficient  varying  with  the  quality  of  the  cast-iron, 
and  derived  from  experiment. 
Long  solid  round  pillars  of  cast-iron. 

W  =  m^^,  (234) 

•  PkSL  Traiu,,  1857,  pp.  862,  872. 
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Long  hollow  round  pillars  of  Low  Moor  cast-iron,  No.  2.* 

W  =  42-347  ^eP-  (235) 

Ex.  What  is  the  breakmg  weight  of  a  solid  round  caet-iron  pillar  10  feet  long  and  2 
inches  in  diameter  ?    From  table  L,  m  =  42*6  tons, 

OS'S  11 'SI  4 

^n«ew  (eq.  234),  W  =  m  jp^  =  42-6 -^^^^  =  n-S  tons. 

If  the  pillar  be  not  very  securely  fixed  at  the  ends,  the  breaking  weight  will 

=  IL?  =  8-77  tons,  and  the  safe  load  in  practice  will  be  fth  of  this  =  '68  tons, 
8 

provided  the  pillar  is  not  subject  to  vibration,  in  which  case  the  safe  load  will  be  only 

^th  =  0*814  tons. 

The  three  following  tables  contain  the  values  of  the  coefficient 
m,  derived  from  experiments  on  solid  pillars  of  cast-iron  10  feet 
long  and  2\  inches  diameter,  with  their  ends  flat ;  also  the  powers 
of  diameters  and  lengths  of  pillars. — Phil.  Trans,y  1857,  pp.  872 
and  860. 

TABLE  I. — GosFFIODENTS  m  in  eq.  284  (representing  the  strength  of  a  pillar  1  foot 

long  and  1  inch  in  diameter. 


Deacrtpfclon  of  iron. 

Value  of 
eoeffldent  m. 

Old  Park  iron,  Na  1. 
Stourbridge—oold  blast,              ..... 

lbs.          tons. 
111858  »  49*94 

Derwent  iron,  Na  1. 
Borham — ^hot  blast,         ...... 

105079  =:  46-91 

Portland  iron,  No.  1. 
Tovine,  Scotland— hot  blast,       ..... 

104C98  s  46-47 

Calder  iron.  No.  1. 
Lanarkshire-^hot  blast,  ...... 

104187  =  46*49 

London  mixture. 
One-half  old  plate  iron,  and  one-half  Calder  iron. 

92862  r=  41-46 

Level  iron.  No.  1. 
Staffordshire— hot  blast, 

94202  =  42-05 

*  "The  pillars  from  this  iron  were  cast  10  feet  long,  and  from  2^  to  4  inches 
diameter,  approaching  in  some  degree,  as  to  size,  to  the  smaller  ones  used  in  practice. 
— /Voc.  Jtoy,  8oc.,  VoL  Tiii,  p.  819. 
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TABLB  L — CoiFFiomiTS  m  in  aq.  284 — conHnued, 


Dflsoiiptioii  of  iron. 

Value  of 

COCTnCtent  M. 

Goltoefls  Iron,  No.  1. 
Edinboxgli— liot  biMt,     -            -                        -            -            - 

90119  =  40-23 

Oantm  iron.  No.  1. 
County  of  Stirling— hot  blast,     ..... 

89949  =  4016 

Blaenavon  iron,  No.  1. 
Sonl^  Wftl6«-H)old  blast,            ..... 

86114  =r  88-44 

Old  Hill  iron.  No.  1. 
Staffordahire— «old  bUst,             ..... 

76270  =  88-60 

Second  London  niixture. 
One-third  No.  1  best  Scotch  pig-iron,  and  two-thirds  old  metal,  - 

104628  =  46-21 

Low  Moor  iron.  No.  2. 
Toikshire-- cold  blast, 

90674  =r  40-48 

Blaenavon  iron,  No.  8. 
South  Wales— cold  blast, 

92829  =  41-22 

Mean  of  18  irons,             ...... 

96486  =  42-6 

TABLE  n.— PowiBB  ov  Dzambtibs,  ob  ef*-*. 


i-o*-*  = 

1-0000 

4-25»-»  =  168-26 

6-8»»    =   819-94 

l-26«'»  =r 

2-1887 

4-8»-»   =164-87 

6-9»'»   =   862-92 

l-fiM    « 

4-1886 

4-4»-»    =178-68 

7-0*-»   =   907-49 

l-76»-*  = 

7-0898 

4-6»»   =198-806 

7-l»»   =   968-68 

2-0»-»   = 

11-814 

4-6«-»   =208-76 

7-2»-»   =1001-68 

21M   =, 

18-4206 

4-7«-»   =226-08 

7-26»-»  =  1026-08 

2-2»'»   = 

167985 

4-76"  =  288-68 

7-8»-»   =1061-07 

2-26"'»  = 

17-086 

4.8»-»   =242-296 

7*4»-»   =1102-88 

2-8»*   = 

18-462 

4-9»'»   =260-43 

7-6»-»   =1166-36 

2-4«'»   - 

21-416 

6-0»-*   =279-61 

7-6»-»   =1210-17 

CHAP.  XV.J 


PILLAE8. 


255 


TABLE  n.- 

POWKBS  or  DlAHSTIBS,  01 

I  tP'^—eowUnued, 

2-5»»   =    24-705 

5-l»-*   =299-57 

7.714   =1266-88 

2-6»»   =   28-840 

5-2»-»   =820-685 

7-75»'»  =  1295-85 

2-7»-»   =   823425 

5-25«»  =  881-56 

7-8«-*   =1825-85 

2-75»-*=   84-488 

5-8»'»   =84274 

7-9«'»   =1885-78 

2-8»-»   =   86-788 

5-4»-*   =865-91 

8-0«-»   =1448-15 

2-i)»»   =    41-538 

5-5»-»   =890-18 

8-25»-*  =  1612-88 

8-0*-*   =   46-766 

5-6»»   =415-58 

8-5»-»   =1790-47 

3-l»-*   =    52-4525 

5'7«*   =442-14 

8-75»-*  =  1981-66 

8-2»-»   =   58-617 

5-75«-»  =  465-87 

9-0«'»   =2187-00 

8-25«»=   61-886 

5-8»-»   =469-89 

9-25'»  =  2407-11 

8-8"   =    65-288 

5-9*-»   =498-86 

9-5»-»   =2642-61 

8-4»-»   =    72-478 

6-0»'»   =529-09 

9-75W  =  2894-12 

8-5»-»   =    80-212 

6-l»'»   =560-60 

10-0»-»   =8162-28 

8-6>-*   =    88-5235 

6-2»-»   =598-48 

10-25*-*  =  8447-78 

8-7»-»   =   97-488 

6-25«-»  =  610-85 

10-5«'»   =8751-18 

8-75»*  =  102-12 

6-8»-»   =627-61 

10-75»-»  =  407814, 

8-8»-»   =106-M6 

6-4»-»   =668-18 

ll-O*-*   =4414-48 

8-9»*   =117-15 

6-5»'»   =700-16 

ll-25»-»  -  4775-66 

4-0'-*   =128-00 

6-6»-»   =788-59 

ll-5«'»   =5157-54 

4-l»-»   =189-55 

6-7»-»  =778-51 

1176»-»  =  6660-74 

4-2»-»   =151-885 

6-75«'»  =  79908 

M-O*-*   =5985-96 

TABLE  in.— PowBBS  or  Lsnoths,  ob  l^-^. 


114J    -     1- 

7JI41 

=  26-6901 

W'^^   91-7781 

2»-«   =   8-0951 

8i-« 

=  29-6508 

17»-«»  =  101-806 

2i»«=   4-4529 

914s 

=  85-9265 

18»-«  =  111-197 

3>-«»  =   5-9989 

IQl-U 

=  42-6580 

19«-«  =  121-442 

4»-«  =   9-5798 

11141 

=  49-8276 

20>'«  =  182-082 

5»-«   =18-7828 

12>-« 

=  57-4208 

2V-»  =  142-961 

6»-«  =18-5518 

18«-« 

=  65-4226 

22«-«  =  154-228 

6J«-«  =  19-8282 

lil4M 

=  78*8225 

28»'"  =  165-812 

Ji-^  s  23-8512 

15141 

=  82-6098 

24»-«  =  177728 
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8M«  Hodyklnsoii's  reles  Ibr  solid  or  boUow  round  east- 
iron  plllam  of  medianft  Mea^h,  §.€•»  pillam  irhose  length 
%»  less  than  SO  diameters^  witb  both  ends  flat  and  u^ell 
bedded. — *^  The  formulse  above  (eqs.  234,  235)  apply  to  all  (cast- 
iron)  pillars  whose  length  is  not  less  than  about  80  times  the 
external  diameter;  for  pillars  shorter  than  this,  it  will  be  necessary 
to  modify  the  formulas  by  other  considerations,  since  in  these 
shorter  pillars  the  breaking  weight  is  a  considerable  proportion  of 
that  necessary  to  crush  the  pillar.  Thus,  considering  the  pillar 
as  having  two  functions,  one  to  support  the  weight,  and  the  other 
to  resist  flexure,  it  follows  that  when  the  material  is  incompressible 
(supposing  such  to  exist),  or  when  the  pressure  necessary  to  break 
the  pillar  is  very  small,  on  account  of  the  greatness  of  its  length 
compared  with  its  lateral  dimensions,  then  the  strength  of  the 
whole  transverse  section  of  the  pillar  will  be  employed  in  resisting 
flexure;  when  the  breaking  pressure  is  half  of  what  would  be 
required  to  crush  the  material,  one  half  only  of  the  strength  may 
be  considered  as  available  for  resistance  to  flexure,  whilst  the  other 
half  is  employed  to  resist  crushing;  and  when,  through  the  short- 
ness \)f  the  pillar,  the  breaking  weight  is  so  great  as  to  be  nearly 
equal  to  the  crushing  force,  we  may  consider  that  no  part  of  the 
strength  of  the  pillar  is  applied  to  resist  flexure.** — Exp,  Res.,  p. 
337.  Acting  on  this  view,  Mr.  Hodgkinson  devised  the  following 
formula  for  the  ultimate  strength  of  medium  pillars  of  cast-iron 
and  timber  whose  length  is  less  than  30  diameters,  with  both  ends 
flat  and  well  bedded. 

W  =  v^,  (236) 

where  W  =  the  breaking  weight  in  tons  derived  from  the  formulas 

for  long  pillars,  on  the  hypothesis  that  the  pillar 
yields  by  flexure  alone, 

c  =  the  crushing  weight  of  a  short  length  of  the  pillar,  t.«., 
its  sectional  area  multiplied  by  the  crushing  unit- 
strain  of  the  material  in  tons, 

W  =  the  real  breaking  weight  of  the  medium  pillar  in  tons, 
from  the  combined  efiects  of  flexure  and  crushing 
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Ex.  1.  Wliat  is  tihe  breakiiig  weight  of  a  solid  pUlar  of  Blaenayon  iron.  No.  8,  9  feet 
loDg  and  6  inches  in  diameter,  with  flat  ends  carefully  bedded,  and  whose  crashing 
strength  =  87'8  tons  per  square  inch  ? 

From  Table  L,   m  r=  41*2  tons, 

€  =  87*8  X  28*8  s  1056  tons, 

from  eq.  284,  W  =  41*2^  =  605  tons. 

So 

Anmoer,  (eq.  286).    Breaking  wdght,  W  =  ^~qr-^  =  *57  tons. 

If  intended  for  a  warehouse,  the  greatest  load  in  practice  should  not  exceed  (th  of 
this,  s  76  tons,  and  that  only  when  the  ends  are  adjusted  with  the  greatest  care,  so  as 
to  haye  a  yery  uniform  bearing ;  when  this  is  not  the  case  the  effect  will  be  the  same 
as  if  the  ends  were  rounded,  in  which  case  the  breaking  weight  will  be  much  less 

(Sia),  probably  only  2^  =  ^  »  228*5  tons,  of  which  ^th,  or  the  safe  working 

load,  will  ss  88  tons. 

Ex.  2.  What  is  the  breaking  weight  of  a  hollow  flat-bedded  pillar  of  the  same  iron, 
of  the  same  height  and  external  diameter,  and  whose  internal  diameter  =  4  inches  I 

On  examining  Table  IL  (SM),  we  find  that  the  crushing  strength  of  Blaenayon 
iron.  No.  8,  medium,  =  87*8  tons  per  inch,  while  that  of  Low  Moor,  No.  2, 
medium,  =  84*6  tons.  We  may  therefore  assume  that  the  coefficient  in  eq.  235  for 
hollow  cylinden  of  Blaenayon  iron  is  the  same  as  that  for  Low  Moor. 

Here,    e  =  87*8  X  15*7  =  586  tons, 

from  eq.  285,  W  =  42*85  '^^Z}^^  =  *72  tons  nearly. 

36 

iintioer,  (eq.  286).    Breaking  weight,  W  =  ^^|.^47^=808  tons, 

472  +  440 

of  which  ^ih,  or  the  working  load,  a  50*5  tons,  %,€,,  when  the  ends  are  fitted  with 

W 
extreme  care ;  otherwise,  --^  =  25*25  tons,  is  a  sufficient  load  in  ordinary  practice. 

l« 

SM.  A  slli^lit  inniaallty  in  tbe  thlekncmi  of  boUow  east- 
Iron  pillars  does  not  Impair  their  strengrA  nuiterlally — 
Roles  Ibr  the  thiekness  of  hollow  east-iron  pillars. — ^Referring 
to  castings  of  unequal  thickness,  Mr.  Hodgkinson  remarks: — 
^'  In  experiments  upon  hollow  pillars  it  is  frequently  found  that 
the  metal  on  one  side  is  much  thinner  than  that  on  the  other;  but 
this  does  not  produce  so  great  a  diminution  in  the  strength  as 
might  be  expected,  for  the  thinner  part  of  a  casting  is  much 
harder  than  the  thicker,  and  this  usually  becomes  the  compressed 
side.''— PAi7.  Trans.,  1857,  p.  862. 

In  practice,  neither  the  excess  or  want  of  thickness  should 

exceed  25  per  cent,  of  the  average  thickness;  if,  for  instance,  a 

8 
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hollow  pillar  is  specified  to  be  1  inch  in  thickness,  then  in  no. 
place  should  the  metal  be  less  than  |  inch  or  more  than  1^  inch 
thick.  General  Morin  gives  the  following  .rule,  based  on  the 
founder's  experience,  for  the  minimum  thickness  of  ordinary  hollow 
cast-iron  pillars*: — 

• 

Height  of  pillar  in  feet,  7  to  10  10  to  13  13  to  20  20  to  27 
MmiTniim  thickness  in  inches,     '5  '6  *8  1*0 

Another  practical  rule  is  to  make  the  thickness  of  metal  in  no 
case  less  than  •j'^th  of  the  diameter  of  the  pillar. 

895.  -|-  and  H  shaped  pillars. — A  cast-iron  pillar  of  the  -|- 
form  of  section,  ''  as  in  the  connecting  rod  of  a  steam  engine,  the 
ends  being  movable,  is  very  weak  to  bear  a  strain  as  a  pillar,  and 
indeed  less  than  half  the  strength  of  a  hollow  cylindrical  pillar 
of  the  same  weight  and  length,  rounded  at  the  ends.** — PhiL  Trans,^ 
1857,  p.  S93.— Exp.  Res,,  p.  350. 

A  cast-iron  pillar  of  the  H  form  of  section  -with  rounded  ends 
was  found  to  be  ''  considerably  stronger  than  the  preceding,  but 
much  weaker  than  a  hollow  cylinder  of  the  same  weight.'*  Their 
relative  strengths,  according  to  Mr.  Hodgkinson's  experiments,  were 
in  the  following  proportions,  all  the  pillars  being  of  the  same  weight 
and  length  and  rounded  at  the  ends. — PhiL  Trans.,  1840,  pp.  413, 
449. 

Hollow  cylindrical  pillar,      ....      100 

H  shaped  pillar, 75 

-|-  shaped  pillar, 44 

ns.  Relative  streasth  of  roondj  sqoare^  and  tiianipilar 
solid  east-Iron  pillars. — From  a  comparison  of  Mr.  Hodgkinson's 
experiments  it  appears  that  long  solid  square  cast-iron  pillars  are 
about  50  per  cent,  stronger  than  solid  cylindrical  pillars  of  the  same 
length  and  of  diameters  equal  to  the  sides  of  the  squares,  whereas 
their  area,  t.«.,  their  weight,  is  only  27  per  cent,  greater.  This  is  equi- 
valent to  saying  that  the  breaking  unit-strain  of  a  long  solid  square 
cast-iron  pillar  is  1*178  times  that  of  the  inscribed  circular  pillar  of 

*  BiMta/noe  da  MatSriaux,  p.  110. 
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eqaal  length. — PhU,  Trana.^  1840,  pp.  431,  437.  Solid  triangular 
pillars  of  cast-iron  with  flat  ends  are  somewhat  stronger  than  those 
with  either  circular  or  square  sections. — Phil.  Traiia.,  1857,  p.  893. 
Their  relative  strengths,  according  to  Mr.  Hodgkinson's  experiments, 
were  in  the  following  proportions,  all  the  pillars  being  of  the  same 
weight  and  length : — 

Long  solid  round  pillar,  ....  100 
„  square  „  ....  93 
„         triangular,,         ....      110 

From  this  it  follows  that  for  practical  purposes  the  round  pillar 
is  the  most  economical  form  of  solid  cast-iron  pillar,  since  the 
shape  of  the  triangle  will  generally  prohibit  its  use. 

Zn.  CJordon'fl  roles  Ibr  i^tUars. — ^Professor  Gordon  has  de- 
duced from  Mr.  Hodgkinson's  experiments  the  following  convenient 
formulae  for  the  strength  of  pillars: — 

Let/  =  the  breaking  weight  per  square  unit  of  section,  i.e.,  the 
breaking  unit-strain, 
r  =:  the  ratio  of  length  to  diameter, 
a  and  b  =  constants  depending  on  the  material  and  the  section  of 

the  pillar. 
1^.  Pillars  with  both  ends  flat  and  bedded  with  extreme  care. 

2*^.  Pillars  with  both  ends  jointed  or  imperfectly  fixed. 

S98.  Solid  or  hoUow  round  cast-iron  pillars. — The  values 
of  the  coeflScients  in  Gordon's  formulae  for  solid  or  hollow  cast-iron 

pillars  are  as  follows: — 

a  =  36  tons,  b  ^  7a7\' 

The  following  table  has  been  calculated  from  these  equations,  and 
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shows  at  a  glance  the  breakiDg  weight  per  square  inch  of  solid  or 
hollow  round  cast-iron  pillars  of  various  ratios  of  length  to  diameter. 


TABLE  IV.— Fob  GALOuLATDra  the  Stbevoth  or  Solid  ob  Hollow  Bouvd 

CaST-IBOV  PiLLABa 


Ratio  of  length  to  diameter. 

6 

10 

16 

90 

36 

80 

86 

40 

46 

60 

66 

80 

66 

70 

76 

80 

Breaking 

weight  in 

tontper 

square  inch. 

Both  ends  flat  and  bedded 
with  extreme  care. 

88*9 

28*8 

88 

18 

14 

11 

8-9 

7-2 

6-9 

6-0 

4-2 

8-6 

81 

2-7 

2H 

21 

Both  enda  Jointed  or  im- 
perfBctly  flzed. 

28-8 

18 

11 

7-2 

6-0 

8*6 

2-7 

21 

1-7 

1-4 

1-16 

•97 

•88 

72 

•68 

•66 

Ex.  1.  What  18  the  breakiiig  weight  of  a  solid  round  cast-iron  pillar,  10  feet  long  and 
2  inches  in  diameter !  Here,  the  ratio  of  length  to  diameter  =  60,  and,  if  both  ends  are 
flat  and  bedded  with  extreme  care  or  otherwise  securely  fixed,  the  corresponding  break- 
ing weight  per  square  inch  =  8'6  tons ;  multiplying  this  by  the  sectional  area,  we  have, 

Antwerp    Breaking  weight  =  8*1 416  X  8*6  =  11*8  tons, 
which  agrees  with  the  example  in  899  calculated  by  Hodgkinson's  rule. 
If  the  ends  are  jointed  or  imperfectly  fixed,  we  have, 

AMwer,    Breaking  weight  =  81416  X  *97  =  8-05  tons, 
and  the  working  load  should  in  general  not  exceed  one-sixth  of  this,  =  *51  tonsi 

Ex.  2.  What  is  the  breaking  weight  of  a  hollow  round  cast-iron  pillar  9  feet  long,  6 
inches  external,  and  4  inches  internal,  diuneter  t  Here,  the  ratio  of  length  to  diameter 
=  18,  and,  if  both  ends  are  fiat  and  bedded  with  extreme  care,  the  corresponding 
breaking  weight  per  square  inch  =  20  tons ;  multiplying  this  by  the  sectional  area,  = 
16*7  square  inches,  we  have, 

AMwer^    Breaking  weight  =  15*7  X  20  =  814  tons. 
If  the  ends  are  jointed,  or  are  not  flat  bedded  with  extreme  care,  the  breaking  weight 
per  square  inch  =  8*5  tons  and  we  have 

Antwerp  Breaking  weight  =  15'7  X  8*6  =  188*46  tons, 
of  which  one-sixth,  s  22*24  tons,  will  be  the  safe  working  load  when  free  from  vibration, 
as  in  a  grain  store ;  if  the  pillar  supports  a  factory  floor  with  machinery  in  motion, 
one-eighth,  =  16*68  tons,  wUl  be  a  sufficient  load ;  but  if  the  pillar  forms  a  moving  part 
of  an  engine,  then  one-tenth^  =  18*84  tons,  or  even  less,  will  be  the  proper  working  load. 
The  reader  will  observe  that  Gordon's  rule  in  this  example  gives  results  which  agree 
tolerably  closely  with  the  2nd  example  in  StS  calculated  by  Hodgkinson's  rule. 

Ex.  8.  What  is  the  breaking  weight  of  a  solid  round  cast-iron  pillar,  9  feet  long  and 
6  inches  in  diameter,  with  both  ends  solidly  imbedded  f  Here,  the  ratio  of  length  to 
diameter  =  18,  and  the  corresponding  breaking  weight  per  square  inch  is  20  tons,  and 
wehav^ 

An^,    Br«Jd»g  weight  =  ?iil«2112<«2i20  ^  5g5.5  t,^ 
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This,  it  win  be  obeeired,  is  neuly  24  per  cent,  higher  than  the  457  tons  in  example  1, 
(StS) ;  no  doubt,  because  Professor  €k>rdon's  role  lilies  to  average  mixed  irons,  whioh 
are  in  general  stronger  than  simple  irons,  sach  as  Blaenavon. 

MO*   Solid  or  hoUow  reetaayalar  eaot-lron  pillars. — It 

appears  from  Mr.  Hodgkinson's  experiments  that  the  breaking 
unit-strain  of  a  long  solid  square  cast-iron  pillar  is  1*178  times 
that  of  the  inscribed  circular  pillar  of  equal  length  (896),  and, 
guided  by  this,  we  may  modify  Gordon^s  formulae  to  suit  rectangular 
pillars  by  making  r  =  the  ratio  of  length  to  least  breadth,  and 

1 


6  = 


500 


The  following  table  has  been  calculated  on  this  basis,  and  gives 
the  breaking  weight  per  square  inch  of  solid  or  hollow  rectangular 
cast-iron  pillars  of  various  ratios  of  length  to  breadth. 

TABLE  v.— Fob  Calculatdto  thx  Stbbvoth  of  Scud  ob  Hollow  Rbctavoulab 

CAST-IBOir  PiLLABS. 


Ratio  of  length  to  leut  Inreadth. 

6 

10 

15 

SO 

U 

80 

86 

40 

4ft 

80 

8ft 

60 

6ft 

70 

7ft 

80 

Bresklng 

weight  In 

tontper 

•qaarelnch. 

Both  end«  flat  and  bed- 
ded with  extreme  carei 

u-s 

SO 

M-8 

SO 

16 

IS^ 

10^ 

8^ 

71 

eH) 

ftl 

4^ 

8-8 

8-8 

s-s 

S-6 

Both  ends  jointed  or  Im- 
perfectly fixed. 

80 

SO 

1S*9 

8-6 

6D 

4*4 

8-8 

S-6 

SI 

IT 

W 

1-S 

1-0 

-90 

78 

•69 

Ex.  1.  What  is  Uie  breaking  weight  of  a  solid  cast-iron  pillar,  10  feet  long  and  2 
inches  sqiiaie  t  Here,  the  ratio  of  length  to  breadth  =  60,  and,  if  both  ends  are 
securely  fixed,  the  coiresponding  breaking  weight  per  square  inch  =  4*4  tons ;  multi- 
plying this  by  the  area,  we  haye^ 

Amwer,    Breakbg  weight  =s  4  X  4*4  =  17*6  tons. 

If  the  ends  are  impeif  eotly  fixed,  we  hK^e, 

Antwr,    Breaking  weight  =  4  X  1'2  —  4'8  tons. 
Of  whidi,  in  general,  one-sixth,  s  '8  tons,  will  be  the  proper  working  load. 

Ex.  2.  What  is  the  breaking  weight  of  a  hollow  oast-iron  pillar,  9  feet  long,  6  inches 
square,  with  metal  one  inch  thick  1  Here,  the  ratio  of  length  to  breadth  =  18,  and,  if 
both  ends  are  fiat  and  bedded  with  extreme  care,  the  corresponding  breaking  weight  per 
square  inch  =  21*84  tons.    Multiplying  this  by  the  area,  =  20  square  inches,  we  have, 

Afuwer,    Breaking  weight  =  20  X  21 '84  =  486*8  tons. 
If  the  ends  are  not  very  carefully  bedded,  the  breaking  weight  per  square  inch  s  10*02 
tons^  and  we  haye, 

Amwer,    Breaking  wdght  s  20  X  10*02  =  200*4  tons. 
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of  Tdiich  one^ixth,  =  88*4  tons,  will  be  the  safe  working  load  for  ordinaxy  warehouses, 
when  free  from  vibration. 

For  the  safe  working  load  on  caat-iron  pillars  see  Chap.  XXVIII. 


WROUGHT-IRON  PILLABS. 


MO.  iiolid  wroQirbt-lroift  pUlars. — ^Professor  Gordon^s  for- 
mulas in  W9  may  be  applied  to  solid  rectangular  wrought-iron 
pillars  by  giving  the  coefficients  the  following  values, 

1 


a  =  16  tons 


6  = 


3000 


The  following  table  has  been  calculated  from  these  formulas,  and 
gives  the  breaking  weight  per  square  inch  of  solid  rectangular 
wrought-iron  pillars  of  various  ratios  of  length  to  least  breadth. 

TABLE  VL—FoB  GiXouLATiNa  the  Strength  of  Soud  BscTAHauLAB 

WBOUOHT-ntON  PlLLABS. 


Ratio  of  length  to  least  breadth. 


10 


15 


20 


26 


80 


85 


40 


45 


60 


66 


60 


65 


70 


75 


80 


Breaking 

veight  in 

tons  per 

sqoareinch. 


Both  ends  flat  and 
bedded  with  ex- 
treme care,  - 


151 


15-5  16 


14*1 


18-2  12*3 


11*8  10-4  »-5  S*? 


Both  ends  Jointed  or 
imperfectly  fixed. 


15-5 


141 


12-8 


10^4    S^ 


7-8 


6-1 


6'1 


4-8 


87 


7-7 


7-8 


8-2  2-76 


6-6 


6-06 


2*4 


21 


56  51 


1-8 


17 


Ex.  1.  Wliat  is  the  breakmg  weight  of  a  solid  square  pillar  of  wrought-iron,  10 
feet  long  and  2  inches  eqxuure  ?  Here,  the  ratio  of  length  to  breadth  =  60,  and  the 
oorreeponding  breaking  weight  per  aqnare  inch,  if  both  ends  are  veiy  securely  fixed,  = 
7*3  tons ;  multiplying  this  by  the  sectional  area,  we  have,   • 

Antwer,    Breaking  weight  =  4  X  7*8  =  29*2  tons. 
If  the  ends  are  jointed  or  imperfectly  fixed,  we  have, 

Angwer,  Breaking  weight  =  4  X  2'76  =  11*04  tons, 
of  which  one-fourth,  =  2*76  tons,  will  be  the  safe  working  load  if  the  pillar  be  free 
from  vibration,  but  if  liable  to  shocks  like  the  jib  of  a  crane^  one-sixth,  =  1*84  tons, 
will  be  enough.  If,  however,  the  bar  forms  a  moving  part  of  machinery,  such  as  the 
connecting  rod  of  a  steam  engine,  one-twelfth,  =s  *92  tons,' will  generally  be  a  sufficient 
load. 

Ex.  2.  What  is  the  breaking  weight  of  a  rectangular  pillar  of  wrought-iron,  10  feet 
long,  and  whose  sectional  area  =  4X8  inches,  with  the  ends  securely  riveted  to  a  fixed 
structure  t     Here,  the  ratio  of  length  to  least  breadth  =  40,  and  the  correeponding 
breaking  weight  per  square  inch  =  10*4  tons ;  multiplying  this  by  the  area^  we  have, 
Anwer,    Breaking  weight  =  4  X  8  X  10*4  =  124*8  tons. 
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Of  this,  one-fourUi,  =  81*2  toni,  will  be  raffideiit  in  praotioe  for  »  stationaiy  load^  and 
thAt  only  when  the  ends  are  rigidly  seonred. 

The  following  table,  arranged  in  a  convenient  form  by  Mr.  G. 
Berkley,  M.I.C.E.,  contains  the  results  of  experiments  on  the 
compressive  strength  of  solid  rectangular  wrought-iron  bars,  with 
their  ends  perfectly  flat  and  well-bedded,  which  were  made  under 
Mr.  Hodgkinson's  supervision  during  the  experimental  inquiry 
respecting  the  Britannia  and  Conway  tubular  bridges.* 

TABLE  VIL— HoDCHDKSoir's  ExPEBOoins  ox  Soud  Bioiaxoular 

WBOnttHT-IBON  PZLLABflL 


Fonn  of  seetion. 


Lsngth. 


bTMdth. 


SecUoiuQ 


Ratio  of 
length  to 

least 
bseadth. 


Breaking 
welghL 


Breaking 
weight  per 
•qnarelnch 
ofi 


^fi 


t»099. 


f^trs. 


«5^5S^S^ 


M*Of 


^^ 


Inehee. 
9(H) 


60-0 


80^ 


16-0 


7-5 


8-75 


120-0 


120-0 


Inehea. 
1-024 


1-024 


1K)28 


1-028 


1-028 


1-028 


-508 


786 


■(|.1ml 
1-048 

88-0 

1^486 

68^ 

1*0475 

29-8 

1-0466 

14-6 

1-0466 

7-8 

1-0466 

8-66 

1-498 

288-66 

2*806 

166-6 

• 

Ihe. 
10,286 

tODB      4-57 


18,106 

n        8-083 


26,680 
f.    "•<43 


86,162 
„    16-144 


60,946 
n    »a744 


Bonn-M» 
tons,  =  9S*5 
tone  per  aq. 
In.,  wlthoat 
fractore. 

1,222 
..         545 

7,798 
»      3479 


9,768 
tons  4-354 


17,268 
.»      7709 

26,827 

84,664 
„    15-4*6 

48,682 
»    »»733 


n 


»t 


8,167 
•363 


8,879 
IS 
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TABLE  VII.— HoDOKINBON'8  EZFIBIlIBim  OV  BOUD  BaOTANGULAB 

Wbouoht-iboh  TiLLABB— continued. 


Fonn  of  sdction. 


« 

Ratio 

Length. 

LeMt 

Sectional 

of  length 

breadth. 

area. 

toleaat 

breadth. 

Breaking 
weight 


Breaking 
weight  per 
■qnareinch 
Of 


£'9PS 


J'O 


9'9B0 


?*^5«^5^r^ 


••OOC 


6*0 


1«1« 


a«»a    fc. 


^^^^^^^i^il; 


«-M 


$ 


3'Of 


^^ 


d*of 


t*M« 


i^S555^^n- 


SSSS!^ 


a^ 


^S 


Inchea. 
120-0 


120-0 


00-0 


90-0 


»o-o 


90-0 


60-0 


60-0 


60-0 


60-0 


60-0 


80-0 


30-0 


80-0 


inches. 
•995 


1-61 


•5023 


•9955 


1-53 


•995 


•507 


•507 


•7«7 


-995 


•996 


•768 
•»96 


sq.  ins. 
2-975 


4*53 


1-498 


2-9915 


4-59 


5-8307 


1-511 


1^498 


2-309 


2-995 


5-8166 


5026      1-5011 


2-297 
2-988 


120-0 


80-0 


179^0 


90^0 


59-0 


90-0 


118-0 


119-28 


78-0 


60-0 


60-0 


60-0 


39-0 


30-0 


lbs. 

12,735 
tons  5*685 


46,050 
10-558 


99 


n 


tt 


19 


3,614 
Z-613 


29,619 
13-22 

91,746 
40-958 


54,114 
„     24^158 

8,469 
«      37« 

8,496 
99      379* 

29,955 
f.    i3*37» 

54,114 
„    24-158 

102,946 
»    45'958 

25,299 
»     "•»94 

63,786 
„    28-476 


88,610 
39*558 


tba. 
4,280 
tons  I -91 


10,165 
»      4*537 


2,410 
ft      1*076 


9,912 
..      4'4»5 

19,987 
»»      «"9*3 

9,280 
..      4"»43 

5,604 
99      »*5o» 

5,658 
»»      »'5»3 

12,969 
w      579 

18,067 
«      8-066 


17,698 
M      r9oi 

16,853 
..      75*4 

27,767 
„    12-396 

29,655 
»»    «3*»39 
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I  have  made  the  following  abstract  fix>m  the  foregoing  experi- 
ments in  order  to  show  how  closely  thej  corroborate  Gordon^s 
formula  when  applied  to  solid  rectangular  wrought-iron  pillars. 

TABLE  Vni.— Tablk  dbbived  fbom  Hodounbon'b  Exfbbdcxvts  on  Soud 
BaoTANOULAB  Wbouoht-ibon  Pillabs  gabbtullt  bidsbd. 


Proportton  of  length  to  iMat  breadUi,    . 

7 

U 

SO 

40 

«0 

80 

90 

190 

160 

180 

BreaUag  weight  per  equire  Inch  In  tone, 

» 

16 

19 

10 

75 

6 

4-8 

9-9 

1-5 

1 

The  breaking  unit-strain  of  solid  round  wrought-iron  pillars  is 
probably  from  15  to  20  per  cent,  less  than  those  given  in  Table  YI. 

for  rectangular  pillars. 

Ml.  Solid  wroafflit-troii  pillars  stronirer  than  ca«t-lron 
pillars  when  the  length  exceeds  15  diameters. — Comparing 
Tables  V.  and  VI.  which  represent  the  relative  strengths  of  solid 
rectangular  cast  and  vnrought-iron  pillars,  we  find  that  a  cast-iron 
pillar  vrith  round  ends  is  jstronger  than  one  of  wrought-iron  when 
the  length  is  under  15  diameters,  but  above  that  ratio,  wrought-iron 
is  the  stronger  of  the  two,  thus  corroborating  the  theoretic  result 

previously  arrived  at  in  SM* 

U9.   Pillars  of  anglej  tee^  channel  and  emclfiinn  Iron. — 

Mr.  Unwin  has  deduced  from  experiments  made  by  Mr.  Davies  of 
the  Crumlin  Works  the  following  values  for  the  coefficients  of 
Gordon^s  formulas  in  899,  when  applied  to  pillars  of  angle,  tee, 
channel  and  cruciform  wrought-iron.* 

1 


a  =  19  tons, 


i  = 


900 


In  each  of  these  sections  the  least  diameter  for  calculation  is  to  be 
measured  in  that  direction  in  which  the  pillar  is  most  flexible.  This 
may  be  found  by  taking  the  shortest  diameter  of  a  rectangle  or 
triangle  circumscribed  about  the  section.  The  following  tables 
exhibit  the  results  of  Mr.  Davies'  experiments  reduced  to  a  con- 
venient form  by  Mr.  Berkley .f 

*  Iron  Bridgei  and  Moofi,  p.  50. 
t  Proc,  Intt,  a  J?.,  Vol.  xxx. 
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SS8.  Rcsbitaiice  of  lony  plates  to  llexare. — An  isolated 
plate  under  compression  may  be  regarded  as  a  wide  rectangular 
pillar,  or  as  a  number  of  square  pillars  placed  side  by  side,  and  it 
will  therefore  follow  the  laws  of  pillars  so  far  as  deflection  at  right 
angles  to  its  plane  is  concerned.  Hence,  the  ultimate  resistance 
of  long  unsupported  plates  to  flexure  is  theoretically  as  the  cube 
of  the  thickness  multiplied  by  the  breadth  and  inversely  as  the 
square  of  the  length.  Mr.  Hodgkinson  found  that  this  closely 
agreed  with  his  experiments  on  plates  whose  length  exceeded  60 
times  their  thickness,  and  which  were  so  long  that  they  failed  by 
flexure  with  strains  not  exceeding  9  tons  per  square  inch  (see 
Table  VII.).*  If,  however,  the  plates  form  the  sides  of  a  tube, 
this  rule  does  not  apply,  since  in  that  case  they  yield  by  buckling 
or  wrinkling  of  a  short  length  and  not  by  flexure,  being  held  in 
the  line  of  thrust  by  the  adjacent  sides  which  enable  them  to  bear 
a  greater  unit-strain  than  if  not  so  supported  along  their  edges. 

SS4.  fitrenffth  of  reetanirolar  wroaipht-iroii  tobalar  pll- 
lam  %»  liHlepenilent  of  their  leafpth  within  certain  limits. — 

When  the  length  of  a  rectangular  wrought-iron  tubular  piUar  does 
not  exceed  30  times  its  least  breadth,  it  fails  by  the  bulging  or 
buckling  of  a  short  portion  of  the  plates,  not  by  flexure  of  the 
piUar  as  a  whole,  and  within  this  limit  the  strength  of  the  tube 
seems  nearly  independent  of  its  length.  It  is  quite  possible  that 
the  ratio  of  length  to  breadth  of  rectangular  wrought-iron  tubes 
might  be  considerably  greater  than  30  without  very  materially 
affecting  their  strength,  but  the  recorded  experiments  do  not 
extend  sufficiently  far  to  determine  this  point. 

3S5.  Croshlnip  nnlt-straln  of  wroayht-lron  tnhes  dependi 
npon  the  ratio  between  the  thlekness  of  the  plate  and  the 
diameter  or  breadth  of  the  tube — Safe  worklngHitraIn  of 
reetansnlar  wroaipht-lron  tabe«. — The  crushing  unit-strain  of 
a  wrought-iron  tubular  pillar  is  generally  greater  the  thicker  the 
plates  are  in  proportion  to  the  diameter  or  breadth  of  the  tube, 
and  in  most  of  the  experimental  rectangular  tubes  which  sustained 
a  compression  of  10  tons  per  square  inch  or  upwards  the  thickness 

*  C(m.  Rip^  p.  119. 


270  PILLAB8.  [chap.  XT. 

of  the  plate  was  not  less  than  one-thirtieth  of  the  breadth  of  the 
tube.  In  the  last  experiment  recorded  in  Table  XII.,  a  square 
tube,  8  feet  long,  18  inches  in  breadth,  and  made  of  ^-inch  plates 
imited  by  angle-irons  in  the  comers,  sustained  a  compressive  strain 
of  13'6  tons  per  .square  inch.  Unfortunately  there  were  no  further 
experiments  made  on  tubes  thus  strengthened  at  the  angles.  From 
this  and  other  experiments,  but  especially  from  one  made  during 
the  construction  of  the  Boyne  Viaduct  to  test  the  strength  of  a 
braced  pillar,  and  which  is  described  in  the  appendix  at  the  end 
of  this  volume,  I  infer  that  the  strongest  form  of  rectangular  cell 
to  resist  buckling  is  one  in  whose  angles  the  chief  part  of  the 
material  is  concentrated,  making  the  sides  of  plating  or  lattice 
work  to  withstand  flexure  of  the  angles,  in  which  case  the  sides 
act  the  part  of  the  web,  and  the  angles  act  as  the  flanges  of  a 
^rder. 

From  what  has  been  said  we  may  conclude  that  a  rectangular 
plate-iron  tubular  pillar,  whose  length  does  not  exceed  30  times  its 
least  breadth  and  whose  greatest  breadth  does  not  exceed  30  times 
the  thickness  of  the  plates,  will  sustain  a  breaking  weight  of  not 
less  than  12  tons  per  square  inch,  especially  if  the  corners  are 
strengthened  by  stout  angle-iron.  When  the  ends  of  such  pillars 
are  properly  fixed,  as  in  the  compression  flange  of  a  girder, 
experience  sanctions  a  working-strain  of  4  tons  per  square  inch  in 
ordinary  girder-work,  and  3  tons  in  crane-work  where  shocks  may 
be  expected. 

I  havq  deduced  the  foregoing  conclusions  respecting  tubular 
pillars  chiefly  from  experiments  conducted  under  Mr.  Hodgkinson's 
supervision  during  the  experimental  inquiry  respecting  the  Con- 
way and  Britannia  tubular  bridges.  The  following  tables  exhibit 
the  results  of  these  experiments  reduced  to  a  convenient  form  by 
Mr.  G.  Berkley,*  and  the  reader  can  judge  for  himself  how  far 
the  experiments  warrant  the  foregoing  conclusions. 

♦  Proe.  Intt.  C.  E^  Vol.  xxx. 
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STEEL  PILLABS. 

S36.  SoUd  Steel  Pillars. — Mr.  B.  Baker  gives  the  following 
values  for  the  co-efficients  in  Gordon's  formula  in  S99,  when 
applied  to  solid  steel  pillars.* 

Solid    (  ^^^^  Steel    .    .  a  =  30  tons    .    .  J  =  jjrrT- 

round  < 

pillars.  (  Strong  Steel .    .  a  =  51  tons    .     .  6  =  -^ 

Solid       ( ^^^^  Steel    .    .  a  =  30  tons    .     .  6  = 


2480 


rectangular -<  - 

pillars.      (  Strong  Steel .     .  a  =  51  tons    .     .  b  =  ^^ 

Ex.  1.  What  is  the  breaking  weight  of  a  mild  cast^teel  pillar,  10  feet  long  and  2 
inches  in  diameter,  securely  fixed  at  both  ends  Y  Here,  the  ratio  of  length  to  diameter 
=  60,  and  we  have,  from  eq.  237,  the  inch-strain, 

80 

^  "^     1400 
multiplying  this  by  the  sectional  area,  we  have, 

Aruvoer,    Breaking  weight  =»  8*1416  X  8*4  =  26*89  tons. 
If  the  pillar  is  jointed  at  the  ends,  we  have  from  eq.  288, 

80 
^=^       4X60XlO  =  ^'^^^*^^ 
^  "^         1400 
miiltq>lying  this  by  the  area  as  before,  we  have, 

Answer,    Breaking  weight  =  81416  X  2*658  =  8*85  tons, 
o£  which  one-fomih,  =  2*09  tons,  will  be  a  sufficient  load  when  the  pillar  is  free  from 
vibration  or  shocks. 

Ex.  2.  What  is  the  breaking  weight  of  a  mOd  cast-steel  pillar,  10  feet  long  and  2 
inches  sqoare,  securely  fixed  at  both  ends  ?    Here,  the  ratio  of  length  to  breadth  =s  60, 

and  we  have,  from  eq.  287,  the  inch-strain, 

80 
/= —11X60  =  12*245  tons  J 

1  "^     2480 
multiplying  this  by  the  sectional  area,  we  have, 

Antwer,    Breaking  weight  =  4  X  12*245  =  49  tons  nearly. 

If  the  pillar  is  jointed  at  the  ends,  we  have  from  eq.  238, 

ao 

/=-— 60X60  =  ^"^^  **^"> 

1  T 


multiplying  this  by  the  area  as  before,  jpeiiaTe, 

Answer,    Breaking  weight  =  4  X  4*405  =  17*62  tons, 
of  which  one-fourth,  =  4*405  tons,  will  be  a  sufficient  load  for  pillars  free  from  shocks. 

*  Strength  of  Beam*,  pp.  207,  209. 


280  PILLARS.  [chap.  XV. 

TIMBER  PILLARS. 

S87.  Square  Is  the  Btronvest  form  of  reetamipilar  timber 
pillar — ^Hodirklii0on*0    rules   fbr   solid   rectanirolar  timber 

pillars. — It  appears  from  Hodgkinson's  experiments  that  the 
strength  of  long  round  or  square  timber  pillars  is  nearly  as  the  fourth 
power  of  the  diameter  or  side  divided  by  the  square  of  the  length. 
Also, "  of  rectangular  pillars  of  timber  it  was  proved  experimentally 
that  the  pillar  of  greatest  strength,  where  the  length  and  quantity  of 
material  are  the  same,  is  a  square."* 

Hodgkinson  gives  the  following  rules  for  the  strength  of  timber 
pillars  with  both  ends  flat  and  well  bedded  and  whose  lengths 
exceed  30  diameters.f 

Let  W  =  the  breaking  weight  in  tons. 
/  =  the  length  of  the  pillar  in  feet, 
d  =  the  breadth  in  inches, 
Long  square  pillars  of  Dantzic  oak  (dry). — 

W  =  10-95  ^  (239) 

Long  square  pillars  of  Red  deal  (dry). — 

W  =  7-8  ^  (240) 

Long  square  pillars  of  French  oak  (dry)4 — 

W  =  6-9  ^  (241) 

When  timber  pillars  are  less  than  30  diameters  in  length,  they 
come  under  the  class  of  medium  pillars,  and  their  strength  may  be 
calculated  by  eq.  236,  the  value  of  W  being  computed  by  one  of 
the  equations  just  given.  To  find  the  strength  of  a  rectangular 
pillar,  find  as  above  the  breaking  weight  of  a  square  pillar  whose 
side  is  equal  to  the  short  side  of  the  rectangle ;  this  multiplied  by 
the  ratio  of  the  long  to  the  short  side  will  give  the  breaking  weight 
of  the  rectangular  pillar. 

Ex.  1.  What  is  the  breaking  weight  of  a  pillar  of  white  deal,  9  feet  long,  11  inches 
wide  and  3  indies  thick  t    Looking  at  the  table  in  SOO,  we  find  that  the  crashing 

*  Eijq>,  JZm.,  p.  S51. 
t  PhU.  Trant,,  1840,  pp.  425,  426. 

t  The  cmshing  strengtii  of  French  oak,  according  to  Bondelet,  =  6,886  lbs.  per 
square  inch.— PAt^  Trana^  1840,  p.  427. 
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strength  of  white  deal  is  aboat  1*2  times  that  of  red  deal,  from  which  we  may  conclude 
that  the  strength  of  a  long  square  pillar  of  white  deal,  derived  from  eq.  240,  is  as 
follows : —  „ 

W  =  1-2  X  7*8  4 

From  thi3,  the  breaking  weight  of  a  pillar  9  feet  long  and  8  incSies  square  = 

Q4 

1*2  X  7*8  ^  =  9*86  tons,  and  we  have  for  a  pillar  11  inches  wide, 

Ansioer,    Breaking  weight  =  ^^-^^  =  8V82  tons. 

8 

84*82 
If  the  pillar  be  not  veiy  securely  fixed  at  the  ends,  its  breaking  weight  will  =s  — —   = 

11*44  tons  (Sll),  of  which  |th,  =  2*86  tons,  will  be  a  sufficient  working  load  for 
temporary  purposes;  and  |th,  =s  1*48  tons,  for  permanent  use  where  protected  from 
the  weather. 

Ex.  2.  What  is  the  breaking  weight  of  a  strut  of  rod  deal,  26  feet  long  and  18  inches 
square  ?  If  the  strut  were  long  enough  to  give  way  chiefly  by  flexure  (over  80  diameters 
in  length),  its  breaking  weight,  from  eq.  240,  would  be 

W  =  7*8 1~  =  829*6  tons, 

and  if  the  strut  were  short  enough  (under  10  to  15  diameters  in  length),  to  give  way  by 
crushing  alone,  its  breaking  weight  would  equal  its  sectional  area  multiplied  by  the 
tabulated  crushing  strength  of  red  deal  in  the  table  in  800,  that  is,   • 

c  =  Ml^«!i«  =  484  ton.. 
2240 

As  the  strut  is  a  medium-med  pillar,  we  have  the  true  breaking  weight,  from  eq.  286, 
An^,    W  =      Wc     ^  M9^X_m  ^ 218.8 1, 

W  +  J  c      829*5  +  826-5 
that  is,  provided  the  ends  are  very  carefully  bedded ;  but  if  they  are  liable  to  rough 

adjustment,  as  in  the  cross  struts  of  a  cofferdam,  from  which  this  example  has  been 
taken,  the  breaking  weight  will  probably  be  about  J  the  above,  —  109  tons  (S18),  and 
the  safe  working  load  for  this  kind  of  temporary  work  will  be  one-fourth  of  this  again, 
=  27*25  tons. 

388.  Rondelet's  and  Brereton's  roles  fbr  timber  pUlars. — 

Rondelet  deduced  the  following  rule  from  his  experiments  on  the 
compression  of  oak  and  fir.*  Taking  the  force  which  would  crush 
a  cube  as  unity,  the  force  requisite  to  break  a  timber  pillar  with 
fixed  ends  whose  height  is— 

12  times  the  thickness,  will  be        -        -        ^ 

24  „  ,.  „  .        .        ^ 

36 

48 

60 


72 


»> 


-    -    i 

■    -    i 


*  Kavier ;  Applieation  de  la  Mieaniqiu,  p.  200. 
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Bbndelet  also  found  that  timber  pillars  do  not  begin  to  yield  by 
flexure  until  their  length  is  about  ten  times  their  least  lateral 
dimensions.  This  rule  is  easily  applied,  as  illustrated  by  the 
following  examples: — 

Ex.  1.  What  is  the  breaking  weight  by  Bondelet^e  role  of  a  white  deal  pillar,  9  feet 
long,  11  inches  wide,  and  8  inches  thick,  with  the  ends  veiy  carefully  secured  t  From 
the  table  in  SOO  the  crushing  strength  of  white  deal  =  6781  lbs.  per  square  inch,  and 
the  crushing  strength  of  a  very  short  length  of  the  pillar  is  therefore  11  X  S  X  6781,  = 
228,778  lbs.  As  the  length  of  the  plank  is  86  times  its  least  width,  we  have  according 
to  Bondelet's  rule, 

Anstoer,    Breaking  weight  =  ??^^  =  74,591  lbs.  =  88*8  tons, 

8 

which  differs  but  slightly  from  its  strength  calculated  by  Hodgkinson's  rule  in  ex.  1, 

8S9. 

Ex.  2.  What  is  the  breaking  weight  of  a  red  deal  strut  26  feet  long  and  18  inches 
square,  with  both  ends  securely  fixed  ?  In  ex.  2,  839,  we  found  that  the  breaking 
weight  of  a  short  length  of  the  strut  was  484  tons,  and  as  the  real  length  =  24  diameters, 

Bondelet's  coefficient  is  (  ;  consequently  we  have, 

484 
AntwcTf    Breaking  weight  -=  -—  =  217  tons, 

which  is  almost  identical  with  the  strength  calculated  by  Hodgkinson*s  rule  in  the 
example  referred  to. 

Mr.  R.  P.  Brereton  states  that  '*  in  experiments  made  with  large 
timbers,  with  lengths  of  from  ten  to  forty  times  the  thickness,  he 
had  found  that  timber  12  inches  square  and  10  feet  long  bore  a 
weight  of  120  tons;  when  20  feet  long  it  bore  115  tons;  when  30 
feet  long  90  tons ;  and  when  40  feet  long  it  carried  80  tons."* 

Plotting  the  curve  of  Mr.  Brereton^s  experiments  we  get  the 
following:— 

TABLE  XIV.— Fob  oaloulathto  the  errBSHOTH  or  Bbotaitoulab  POiLabs  or 

TTB,  OB  PlNB  TiMBEB. 


Ratio  of  length  to  least  breadth 

10 

15 

20 

25 

30 

85 

40 

45 

50 

Breaking  weight   in   tons   per 
square  foot  of  section,     - 

120 

118 

116 

100 

90 

84 

80 

77 

75 

This  is  probably  the  most  useful  rule  yet  published  for  the 
strength  of  large  pillars  of  soft  foreign  timber  with  their  ends 

•  Proe.  Ind.  C,  E^  VoL  mx.,  p.  66. 
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adjusted  in  the  ordinary  manner,  that  is,  without  any  special 
precautions. 

Ex.  1.  What  18  the  breaking  weight  of  a  red  deal  strat,  26  feet  long  and  18  inches 
square  t  Here,  the  ratio  of  length  to  side  b  24,  and  the  breaking  weight  in  the  table 
for  this  ratio  is  108  tons  per  square  foot ;  consequently,  for  18  inches  square, 

Antwer,  Breaking  weight  =  ^?-^i^^l5?  =  121  tons,  nearly. 

This  answer,  it  wiU  be  observed,  approximates  veiy  closely  to  the  109  tons  obtained  by 
Hodgkinson's  rule  in  ex.  2,  SS9« 

Ex.  2.  A  pillar  of  ordinary  memel  timber,  20  feet  long  and  18  inches  square, 
was  broken  in  a  proving  machine  with  186  tons.  What  is  its  breaking  weight 
computed  by  the  foregoing  rule  t  Here,  the  ratio  of  length  to  side  is  18*5,  and  the 
corresponding  breaking  weight  from  the  table  =  116  tons  per  square  foot 


An9wer,   Computed  breaking  weight  =  ^-3^-^^^  =  186  tons. 

STONE  PILLABS. 

SSO.  Infloenee  of  the  helfrht  and  nmnlier  of  courses  In 
stone  eolnmns. — ^From  Rondelet^s  experiments  it  would  appear 
that  when  'three  cubes  of  stone  are  placed  on  top  of  each  other, 
their  crushing  strength  is  little  more  than  half  the  strength  of  a 
single  cube.*  Vicat,  however,  attributes  this  result  to  imperfect 
levelling  and  the  absence  of  mortar  or  cement  in  the  joints,  and 
he  found  from  experiments  on  plaster  prisms  carefully  bedded, 
that  the  strength  of  a  monolithic  prism,  whose  height  b  A,  being 
represented  by  unity,  we  have  the  strength  of  prisms : — 

Of  2  courses  and  of  the  height  h  =  0-930 
Of  4  „  „  2A  =  0-861 

Of  8  „  „  4A  =  0-834 

even  without  the  interposition  of  mortar.  He  concludes  that  the 
division  of  a  column  into  courses,  each  of  which  is  a  monolith,  with 
carefully  dressed  joints  and  properly  bedded  in  mortar,  does  not 
sensibly  diminish  its  resistance  to  crushing;  but  he  intimates  that 
this  does  not  hold  good  when  the  courses  are  divided  by  vertical 
joint8.t 

840.  Croshinir  strenir^h  of  RoUers  and  Upheres. — From 
M.  Vicat's  experiments  it  appears  that  the  strength  of  cylinders 
employed  as  rollers  between  two  horizontal  planes  is  proportional 

*  Morin,  p.  72.  t  /dm,  p.  76. 
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i^,ffltjn)j|'j^^lltr^in!^eter,  and  that  the  strength 

^^•.%..Ba4.**»CA.Ba:iei.H^J|[QQj,j  (^  ^},g  gqtiare  of  their 

' — f-*.-  represented  by  unity,  that 

base  will  be  0*80 ;  that  of 

;  and  that  of  the  inscribed 


ine  of  the  chief  practical 


» {3<lCi  B^S^R^^rge  span  is  the  combination 
JltflgKpH^SItWtts,  such  as  the  compression 


represented  in  Fig.  102  is 

\iS:^^JB(^^'^^^lSf  in  Bcaflfblding.     It  is  now 

'^^§Ba^Q^i^e^)^s  of  lattice  ^rders,  and  the 

'" -"— *-i^jf35'*fo**'||»B  the  requisite  qualities  of 

■Ha^til^tii^degree,  it  is  worth  devoting 

of  the  strfune  in  this  form 


"X^Kf^^'^tion  and  side  elevation  of  a 


jtion.     The  tension  diagonals 

it^u  diagonals  (marked  C,)  at 

|*l!:Sbm  deflecting,  espemlly  in 

a,- however,  that  long  com- 

;4ngle  or  tee  iron,  have  but 

not  trust  to  the  tension  bars 


.S^S^H^"  be  in  a  suffident 

^iSft  least  in  long  pillars, 

■^"iBitemal  crose-braciag, 

Biich  a  braced  pillar  is 

«9»nner,  which,  thougb 

^cal  purposes: — 

___  J««fion)e  deflected,  either 

JK;M^il  Q^SlCl'W"^'*  on  the  other,  or 

'  £  '  £  ^MfSaVift  B  Koight  resting  on  one 

I      If^H^lSlflf^be  lateral  deflection 
*ft>  TsS^J^  interval  of  two  bajs, 
^^^  oc  =  the  length  of 
jp^bay, 

tdiuB  of  curvature  of 

leflected  pillar, 

i^Jl^^^^I^Ksultant  of  the  strains 

^^fa  and  ac,   i.e.,   the 

horizontal     pres- 

-ST^il^  produced  on  the  two 

-B>^^^  intersecting  at  a,  in 

""  squence  of  the  weight 

transmitted  through 

,;r^^^Itt^I^-:S|%  nearly  vertical  prea-. 


(242) 

^l^^i^^rder,  each  of  whose 
t  *S''JW*^'lu>J  to  W,  in  addition 
^ftl@rk^-  Hence,  the  stndns  in 
'  '^Q*J§i^  already  espkined  in 
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Chapters  Y.  and  VI.  If  the  pillar  have  a  tendency  to  assume  an 
S  form,  the  strains  developed  in  the  internal  bracing  in  one  loop  of 
the  curve  may,  to  some  extent,  neutralize  those  produced  in  the 
other.  If,  however,  the  pressure  on  one  side  exceed  that  on  the 
other  by  any  known  or  assumed  quantity,  then  their  difference  of 
length,  and  the  corresponding  deflection,  may  be  obtained  as 
explained  in  the  chapter  on  deflection,  but  in  practice,  errors  of 
workmanship  will  almost  always  exceed  the  amount  of  deflection 
produced  by  a  difference  of  pressure  and  experience  must  dictate 
the  requisite  allowance.  Let,  for  example,  a  pillar  with  internal 
bracing,  composed  of  two  systems  of  right-angled  triangles,  similar 
to  that  represented  in  Fig.  102,  be  30  feet  long  and  two  feet  wide, 
and  let  each  bay  be  2  feet  in  length,  in  which  case  there  will  be  15 
bays  in  each  side,  and  let  the  total  load  on  the  pillar  =  40  tons,  or 
20  tons  on  a  side.  Now,  suppose  that  the  maximum  error  of 
workmanship  amounts  to  half  an  inch  of  lateral  deflection  in  the 
centre  of  the  pillar,  in  which  case  R  will  equal  2,700  feet,  then 
the  pressure  P,  produced  at  each  apex  by  a  vertical  pressure  of  20 
tons  on  each  side  of  the  pillar,  is  as  follows: — 

As  there  are  14  apices  in  each  system  of  bracing,  t.e.,  7  on  each 

side,  the  strain  in  each  of  the  end  braces  = 

=  328'61bs.  (eq.  120).  We  thus  see  that  the  strain  in  the 
internal  bracing  is  comparatively  trifling,  and  that  the  difficulty  of 
providing  against  flexure  in  long  compression  braces  is  not  so 
formidable  as  might  have  been  supposed.  It  will  be  observed  that 
the  internal  bracing  develops  lon^tudinal  stnuns  in  the  side  bars 
at  each  apex.  These  increments  are,  however,  insignificant  com- 
pared with  the  pressure  due  to  the  weight. 

S49.  Kacli  liay  of  a  liraeed  pillar  resembles  a  pillar  with 
roiinded  ends — Compression  llanires  of  irlrders  resemble 
braeed  pillars. — In  braced  pillars  the  side  bars  must  be  made  stiff 
enough  to  resist  flexure  for  the  length  of  one  bay  between  the  apices 
of  the  internal  bracing.    Each  bay  cannot,  however,  be  regarded  as 
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a  pillar  of  this  length  firmly  fixed  at  the  ends,  but  rather  as  one 
with  rounded  ends,  since  it  might  assume  a  waved  form  like  the 
letter  S,  consecutive  bays  deflecting  in  opposite  directions.  This 
remark  also  applies  to  the  compression  flanges  of  girders.  The 
vertical  webs  preserve  them  from  deflecting  in  a  vertical  plane ;  the 
cross-bracing  between  the  flanges  performs  the  same  service  in  a 
horizontal  plane,  and  the  compression  diagonals,  especially  if  they 
are  braced  piUars,  also  convey  a  large  share  of  rigidity  from  the 
tension  flanges  and  roadway  to  the  compression  flanges.  The 
fidlure  of  the  latter,  therefore,  as  far  as  flexure  is  concerned,  is  thus 
generally  confined  to  the  short  length  of  one  bay. 

S48.  Strenffth  of  braced  pillars  is  iDdepcBdeni  of  lenf^h 
irlihiii  certain  ilmiis — ^Woridnir  fltrain. — ^From  Hodgkinson's 
experiments  on  plate-iron  tubular  pillars,  it  seems  highly  probable 
that  the  strength  of  braced  pillars  is  also  within  considerable  limits 
independent  of  their  length,  for  iiitemal  bracing  wiU  generally  be 
made  somewhat  stronger  than  theory  alone  might  require  (S84). 

In  my  own  practice  I  adopt  4  tons  per  square  inch  of  gross 
section  (excluding,  of  course,  the  cross  bracing,)  for  the  working- 
strain  of  wrought-iron  braced  pillars  in  ordinary  girder-work.  In 
crane-work,  where  shocks  may  occur,  3  tons  per  square  inch  is 
enough.  In  both  cases  the  ends  of  the  pillar  are  supposed  to  be 
firmly  fixed  by  construction. 


CHAPTER   XVI. 


TENSILE  STRENGTH  OF  MATERIALS. 


844.  Mature  of  tensile  Strain* — The  tendency  of  tensile  strain 
is  to  draw  the  material  into  a  straight  line  between  the  points  of 
attachment,  and,  unless  its  shape  alters  very  suddenly  or  the  mode 
of  attachment  is  defective,  so  as  to  produce  indirect  strain,  each 
transverse  section  will  sustain  a  uniform  unit-strdn  throughout  its 
whole  area;  eq.  1  is,  therefore,  applicable  to  ties  without  any  other 
practical  correction  than  this,  that  if  the  material  be  pierced  with 
holes,  such  as  rivet  or  bolt  holes  in  iron,  or  knots  in  timber,  the 
effective  area  for  tension  in  any  transverse  section  is  not  the  gross, 
but  the  net  area  which  remains  tifter  deducting  the  aggregate  area 
of  all  the  holes  or  imperfections  which  occur  in  that  particular 
transverse  section. 

CAST-IRON. 

845.  Tensile  streniirtli. — The  following  table  contains  the 
results  of  Mr.  Hodgkinson's  experiments  on  the  tensile  strength 
of  various  kinds  of  British  cast-iron.*  Those  samples  whose 
specific  gravity  are  given  are  the  same  irons  as  those  whose 
crushing  strengths  have  been  already  stated  in  Table  I.,  894. 

TABLE  I.— Tbnbilb  Stbekgth  of  Cabt-ibon. 


Description  of  iron. 


Specific 
gi  avlry. 


TearlnK  weight 

per  MiUiire  incli 

of  flection. 


CarroD  iron  (Scotland),  No.  2,  hot-blast,  - 
Ditto,  do.,     cold-blast,  - 

Ditto,  No.  3,  hot-blast,    - 

Ditto,  do.,      cold-blaift,  - 

Devon  iron  (Scotland),  No.  3,  hot-'blast,     - 


lbs.         tons. 
13,605=  6-08 

16,683=  7*46 

17,765=  7-93 

14,200=  6-35 

21,907=  9-78 


*  Experimental  Jiesearehes  on  the  Strength  and  other  Properti^  of  Catt-Ironf  by 
Eaton  Hodgkinson,  p.  310.  Also,  Report  of  the  Commiaaionere  appointed  to  inquire 
into  the  application  of  Iron  to  Railway  Structures^  1849,  p.  9. 
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TABLE  L^TursiLB  STBBfOTH  of  Gabt-ieov— oonttniiei. 


Description  of  iron. 


Specific 
grerlty. 


Tearing  weight 

per  square  Inch 

of  section. 


Buffery  iron  (neftr  BirmingfaMn),  No.  1,  hot-bUsty 
Ditto,  do.,      cold-blast, 

Coed-Talon  iron  (North  Wales),  No.  2,  hot-blast, 
Ditto,  do.,     oold-blaet, 

Low  Moor  iron  (Yorkfihire),  No.  8,  - 
Mixture  of  iron, 
Low  Moor  iron,  No.  1, 

Ditto,        No.  2,      - 

» 

Clyde  iron  (Scotland),  No.  1, 

Ditto,  No.  2, 

Ditto,  No.  8, 

Blaenayon  iron  (South  Wales),  No.  1, 

Ditto,  No.  2,  first  sample, 

Ditto,  '  No.  2,  second  sample, 

Calder  iron  (LanaiUhire),  No.  1,      - 
Coltness  iron  (Edinborgh),  No.  8,     -        •        - 
Bxymbo  iron  (North  Wales),  No.  1,  - 

Ditto,  No.  8,  - 

Bowling  iron  (Yorkfihire),  No.  2,       -        - 
Tstalyfera  Anthracite  iron  (South  Wales),  No.  2, 
Tnisoedwyn  Anthracite  (South  Wales),  No.  1,  - 
Tnisoedwyn  Anthracite,  No.  2,         -        -        - 


7-074 
7-048 
7-061 
7-098 
7-101 
7-042 
7-118 
7-051 
7-025 
7-024 
7-071 
7-087 
6-989 
7-119 
7-084 
7018 


lbs. 
18,484= 

17,466: 

16,676: 

18,855: 

14,585: 

16,542: 

12,694: 

15,458: 

16,125: 

17,807: 
28,468: 
18,988: 
16,724: 

14,291: 

18,786: 
15,278: 
14,426 
15,508: 

18,511: 
14,511: 

18,952: 
18,848: 


tons. 
6  00 

7-80 

7-46 

8-40 
6-50 
7-39 
=  6-667 
:  6-901 
:  7198 
r  7-949 
10-477 
:  6-222 
:  7-466 
:  6-880 

:    6-181 

:  6-820 

r  6-440 

:  6-923 

••  6082 

'•  6-478 

:  6-228 
5-959 


Mean  of  the  foregoing  27  irons. 


15,679=  7-00 


Mr.  Merries  Stirling's  iron,  denominated  2nd  quality,* 
Mr.  Morries  Stirling's  iron,  denominated  8rd  quality,t 


7-165 
7108 


25,764=11-502 
28,461=10-474 


*  Composed  of  Calder,  No.  1,  hot  blast,  mixed  and  melted  with  about  20  per  cent, 
of  malleable  iron  scrap. 

t  Composed  of  No.  1,  hot-blast,  Staffordshire  iron,  from  Ley's  works,  mixed  and 
melted  with  about  16  per  cent  of  common  malleable  iron  scrap. 

U 
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From  these  experiments  it  appears  that  the  average  tensile 
strength  of  simple  British  irons  is  7  tons  per  sqaare  inch.  The 
strength  of  mixed  irons,  however,  often  reaches  9  or  10  tons,  while 
that  of  some  American  cast-iron  is  nearly  double  of  this. 

8-I6.  C^ld-blast  rather  stronirer  than  hot-blast  Iron— 
Hlxtores  stroni^er  than  simple  Irons. — On  comparing  the 
tenacity  of  hot  and  cold-blast  iron  in  the  first  part  of  the  foregoing 
table,  it  will  be  observed  that,  with  one  exception,  the  cold-blast 
irons  are  rather  stronger  than  the  hot-blast  irons  of  the  same  make. 
This  is  confirmed  by  experiments  made  in  the  United  States,  where, 
since  1840,  hot-blast  iron  has  been  condemned  for  ordnance  pur- 
poses.* The  following  are  the  conclusions  which  the  late  Mr. 
Robert  Stephenson  deduced  from  a  series  of  experiments  on  the 
transverse  strength  of  cast-iron  bars,  made  preparatory  to  the  com- 
mencement of  the  high  level  bridge  at  Newcastle. 

1.  Hot-blast  is  less  certain  in  its  results  than  cold-blast. 

2.  Mixtures  of  cold-blast  are  more  uniform  than  those  of  hot- 
blast. 

3.  Mixtures  of  hot  and  cold-blast  give  the  best  results. 

4.  Simple  samples  do  not  run  so  solid  as  mixtures. 

5.  Simple  samples  sometimes  run  too  hard,  and  sometimes  too 
sofl  for  practical  purposes.! 

Having  regard  to  the  fact  that  hot-blast  is  now  in  general 
use,  and  that  it  seems  to  improve  some  kinds  of  iron,  probably 
those  of  a  hard  nature,  the  best  plan  for  the  engineer  to  adopt 
is  to  specify  the  test  which  he  requires  the  iron  to  stand  and 
let  the  founder  bear  the  responsibility  of  producing  the  required 
result. 

849.  Re-meltiny^  within  eertain  limits^  Increases  the 
st^ttgrth  and  density  of  east-Iron. — Ke-melting  cast-iron  seems 
to  have  an  important  effect  in  increasing  its  density  as  well  as  in 

*  Report  on  the  Strength  and  other  Propertiet  of  MetaU  for  Cannon.  By  Officers  of 
the  Ordnance  Department,  n.S.  Army.    Philadelphia,  1856,  p.  S38. 

t  Rep,  of  Iron  Com,,  App.,  p.  889. 


CHAP.  XYI.]       TENSILE  STRENGTH  OF  MATERIALS. 


291 


improving  its  tensile  and  transverse  strength,  as  appears  from  the 
following  experiments  by  Major  Wade  on  proof  bars  of  No.  1 
Greenwood  pig-iron  thrice  re-melted  :* — 

TABLE  II.— EXPEBllflVTB  on  the  TBNBILB  AVD  TBAirSVIBSl  BTBEKaTH  OF 

Re-kelted  Cabt-ibov. 


Denaity. 

Tearing  weight 
per  square  inch. 

Coefficient  of 

tnmtvene  mpture, 

S 

Crude  pig-iron,  -        -        -        - 
Do.    re-melted  onoe, 
Do.         do.       twice, 
Da        do.       three  times. 

7082 
7-086 
7198 
7-301 

IbB. 
15,129 

21,844 

80,107 

35,786 

IbB. 

5,290 
6,084 
7,322 
9,448 

In  summing  up  the  results  of  his  experiments  on  re-melting 
cast-iron,  Major  Wade  observes,  "the  softest  kinds  of  iron  will 
endure  a  greater  number  of  meltings  with  advantage  than  the 
higher  (more  decarbonized)  grades,  and  it  appears  that  when  iron  is 
in  its  best  condition  for  casting  into  proof  bars  of  small  bulk,  it  is 
then  in  a  state  which  requires  an  additional  insion  to  bring  it  up  to 
its  best  condition  for  casting  into  the  massive  bulk  of  cannon.  In 
selecting,  and  preparing  iron  for  cannon,  we  may,  therefore,  proceed 
by  repeated  fusions,  or  by  varying  the  proportions  of  the  different 
grades,  until  the  maximum  tenacity  in  proof  bars  is  attained ;  the 
iron  will  then  be  in  its  best  condition  for  being  again  melted  and 
cast  into  cannon." 

Experiments  made  by  Sir  William  Fairbaim,  for  the  British 
Association,  though  on  a  much  more  limited  scale  than  those  by 
Major  Wade,  also  prove  the  advantage  to  be  derived  from  repeated 
fusions.t  One  ton  of  No.  3  Eglinton  hot-blast  iron  was  melted 
18  times  successively,  each  time  under  similar  conditions  of  fusion, 


*  JRep,  on  Metals  for  Cannon^  pp.  242,  249. 

t  AppUctUion  of  Iron  to  BuUding  PurpoteSf  p.  60. 
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and  proof  bars,  5  feet  long  and  1  inch  square,  were  cast  each  time, 
and  broken  by  transverse  strain,  the  distance  between  the  supports 
being  4  feet  6  inches.  The  results  are  given  in  the  following 
table: — 

TABLE  in.^EXFEBnflHT8  OV  the  TRASSVEBSE  and  OBUBHINa  8TBBH0TH  OV 

Rb-xklted  CABT-nov. 


Mean  breaking  weight 

of  ban  exactly  1  in. 

iquare«  and  4  feet  6 

Inches  between 

Naof 
meltings. 

Specific 
grarlty. 

Mean  nltimate 
deflection. 

Power  to  resist 
impact. 

Crushing 

weight  per 

square  Inch. 

BQpporta. 

lbs. 

inches. 

ton& 

1 

6-969 

490-0 

1-440 

705-6 

44-0 

2 

6-970 

441-9 

1-446 

680-9 

48-6 

8 

6-886 

401-6 

1-486 

596-7 

41-1 

4 

6-938 

418-4 

1-260 

520-8 

40-7 

5 

6-842 

481-6 

1-508 

648-6 

41-1 

6 

6-771 

488-7 

1-820 

5790 

41-1 

7 

6-879 

449-1 

1-440 

646-7 

40-9 

8 

7-025 

491-8 

1-758 

861-2 

41-1 

9 

7102 

546-5 

1-620 

885-8 

55-1 

10 

7-108 

566-9 

1-626 

921-7 

57-7 

11 

7-118 

651-9 

1-636 

1066-5 

69-8 

12 

7-160 

6921 

1-666 

11530 

78-1 

18 

7-184 

684-8 

1-646 

1044-9 

66-0* 

14 

7-680 

608-4 

1-518 

912-9 

95-9 

15 

7-248 

871-1 

0-648 

288-6 

76-7 

16 

7-880 

851-8 

0-566 

198-5 

70-5 

17 

Lofll 

••• 

•  •• 

••• 

•  •• 

18 

7-885 

812-7 

0-476 

148-8 

88-0 

In  these  experiments  it  will  be  observed  that  the  transverse 
strength  increased  up  to  the  12th  melting,  after  which  it  fell  off  in 
a  marked  degree. 

848*  Proloni^ed  tasioiij  within  certain  UmltSj  increases 
the  streni^h  and  density  of  east-Iron. — The  improvement  due 
to  prolonged  fusion  is  shown  by  the  following  experiments  hj 
Major  Wade  on  Stockbridge  iron  of  the  2nd  fusion.f 


*  The  cube  did  not  bed  properly  upon  the  steel  plates,  otherwise  it  would  have 
resisted  a  much  greater  force — ^probably  80  or  85  tons  per  square  inch, 
t  Bep,  on  MeUUtfor  Cannon,  pp.  40,  44. 
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TABLE  IV.^EzFEBnairTS  on  pbolonoed  Fusiov. 


Denaitj. 

Tearing  wdght  per 
sqiurelnch. 

Coefficient  of 

transverBe  rupture, 

S 

Iron  in  fusion  J  hour, 
Do.          da    1    „ 
Da          da    li  „ 
Da          do.    2    „ 

7-187 
7-217 
7-260 
7-279 

lbs. 

17,848 
20,127 
24,887 
84,496 

Ibe. 
7,126 

8,778 

10,088 

11,614 

In  some  experimeBts  made  at  Woolwich  Arsenal  by  Mr.  F.  J. 
Bramwell,  it  was  found  tbat  fusion  for  3}  hours  increased  the  tensile 
strength  of  No.  1  Acadian  cold-blast  iron,  from  Nova  Scotia,  from 
7-5  to  10-8  tons  per  square  inch,  or  nearly  50  per  cent.  This 
when  cooled  was  re-melted  with  an  equal  proportion  of  the  original 
No.  1  iron  and  the  tensile  strength  of  bars  cast  immediately  upon 
re-melting  was  11  tons,  and  after  4  hours  fusion,  18*5  tons  per  square 
inch.* 

On  this  subject  Mr.  Truran  makes  the  following  observa- 
tionsf: — **  The  composition  of  the  original  grey  pig-iron  doubtless 
influences,  in  a  very  great  measure,  the  amount  of  improvement 
obtained  with  different  periods  of  fusion.  A  refining  of  the  iron 
takes  place;  and  the  quantity  of  alloyed  matters  oxidized  and 
removed  will  vary  with  the  character  of  the  pig-iron.  Carbon  is  a 
principal  ingredient  in  cast-iron ;  and  a  long  exposure,  equally  with 
repeated  meltings,  offers  a  ready  method  of  burning  it  away.  The 
reverberating  coliunn  of  gases  in  the  re-melting  furnace  contains  a 
proportion  of  free  oxygen,  which  combines  with  the  carbon  to  form 
carbonic  acid ;  but  since  the  oxygen  is  in  contact  only  with  the 
surface  of  the  metal,  its  removal  requires  numerous  fusions,  or  the 
mwitenance  in  fusion  for  a  long  period.    Repeated  fusions  of  the 


♦  Proe.  L  C,  JS,,  Vol  xxii.,  p.  659. 

t  The  Utrfid  MeUUi  and  tkeir  AUoy%,  pp.  216,  217.    London  :  1867. 
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iron  are  attended  with  a  heavy  waste  of  material,  which  goes  far  to 
compensate  for  the  increase  of  strength.  The  tensile  strength, 
as  influenced  by  the  size  of  the  masses  and  rapidity  of  cooling, 
varies  with  the  condition  of  the  iron  previous  to  casting.  If  the 
refining  process,  by  lengthened  fusion  or  numerous  re-meltings,  be 
carried  too  far,  the  resulting  product  will  be  of  a  hard,  brittle 
quality ;  and  when  cast  into  small  articles,  be  chilled  to  that  extent 
as  to  be  incapable  of  working  with  steel  cutting-tools.  Cast  into 
larger  articles,  however,  and  cooled  more  slowly,  a  maximum 
tenacity  may  be  developed,  and  the  texture  of  the  iron  be  found  of 
a  character  to  bear  cutting-tools  on  its  surface.  Continuing  the 
operation  too  long  also  produces  a  thickening  of  the  molten  iron, 
until  it  is  of  too  great  a  consistence  for  the  proper  filling  of  the 
moulds,  and  the  prevention  of  air  cavities  in  the  body  of  the 
casting.  The  burning  away  of  the  carbon  is  attended  with  a  loss 
of  fluidity ;  and  this  defect  occurring,  there  is  no  remedy  short  of 
introducing  further  portions  of  the  original  crude  iron,  to  restore, 
by  mixing,  a  certain  degree  of  fluidity." 

849.  Tensile  strenfpth  of  tbick  eastlni^  of  hln^l^ly  deear- 
bonlsed  Iron  ^^rettter  than  that  of  tbin  ones — ^Anneallnir 
small  bars  of  cast-iron  dimlnlsbes  tbeir  density  and  tensile 

strenf^b. — It  has  been  already  shown  (IM)  that  the  transverse 
strength  of  thin  castings  exceeds  that  of  thick  ones,  and  it  might 
naturally  be  thought  that  this  was  always  due  to  greater  tensile 
strength  in  the  smaller  castings.  This,  however,  seems  to  be 
disproved  by  the  following  experiments  by  Major  Wade,  of  the 
United  States  army,  who  found  that  small  castings  in  vertical  dry 
sand  moulds  had  a  less  tensile  strength  than  large  gun  castings 
similarly  moulded  and  cast  at  the  same  time.*  The  diminution  of 
tensile  strength  in  the  small  bars  amounted  to  nearly  5  per  cent., 
while  their  transverse  strength  was  14  per  cent,  greater  than  that  of 
bars  cut  from  the  guns,  as  is  shown  in  the  folloving  table: — 

*  Report  on  MetaUfor  Cannon,  p.  45. 
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TABLE  Y. — GoxPABiaoN  of  Pboof  Bars  out  fbom  thb  bodt  or  thi  Guv,  with 

TBOa  OAST  AT  THB  8AMB  TIMB  IB  SBPABATB  YBBTIOAL  DBT  SaVD  MoULDB, 
8H0WIN0  THB  DI7FBBENCB  IN  THB  BAMB  IBOIT,  OAUBBD  BT  BLOW  OOOLINO  IB  LABGB 
XABBBB,  ABD  XOBB  BAPID  COOLIBO  IB  BXALL  CABTINO& 


Chiiu. 

Coefficient  of 

tnnsvene  rapture, 

S 

Tearing  weight  per 
sqoare  inch. 

Specific  graTitj. 

Bar  cut 
from  gun. 

Barceat 
•eparate. 

Bar  cut 
from  gun. 

Bar  east 

separate. 

«  Bar  cut 
from  gun. 

Bar  cast 
separate. 

6-poander  gfun, 
6-poimder  gun, 
8-inch  gun,    - 

Ibe. 
8,415 

9,288 

8,575 

tbs. 

9,880 

9,977 

10,176 

lbs. 
80,284 

31,087 

26,867 

flbe. 
29,143 

80,039 

24,583 

7-196 
7-278 
7-276 

7-268 
7-248 
7-331 

Mean,  • 
Propoitional, 

8,741 
1-000 

10,011 
M45 

29,229 
1-000 

1 

27,922 
•955 

7-250 

1     1-000 

1 

7-281  ' 
1-004 

"  These  results,"  observes  Major  Wade,  "  show  that  the  transverse 
strength  is  augmented  by  rapid  coolmg  in  small  castings,  and  that 
the  tensile  strength  is  increased  by  slow  cooling  in  large  masses. 
The  differences  in  specific  gravity  are  less  marked;  but  it  is  some- 
what higher  in  the  small  castings  cooled  rapidly."  This  conclusion, 
however,  must  be  qualified  by  further  statements  of  the  same  author 
at  pp.  234  and  268 ;  where,  in  allusion  to  similar  experiments,  he 
says : — "  Such  results  happen  only  in  cases  where  the  iron  is  very 
hard.  As  a  general  rule,  the  tenacity  of  the  common  sorts  of 
foundry  iron  is  increased  by  rapid  cooling.  In  this  case  the 
condition  of  the  iron  when  cool  was  too  high — that  is  to  say,  the 
process  of  decarbonization  had  been  carried  too  far— for  a  maximum 
strength,  when  cooled  rapidly,  in  small  masses ;  although  it  was 
in  its  best  condition  for  casting  into  a  large  mass,  where  it  must 
cool  slowly.  As  iron  of  high  density,  when  cast  into  bars  of  small 
bulk,  is  liable  to  become  unsound  and  to  contain  small  cavities,  this 
cause  may  account,  in  some  measure,  for  the  diminished  tensile 
strength  in  bars  of  high  density."  Major  Wade  found  that 
annealing  small  bars  of  cast-iron  invariably  diminished  both  their 
density  and  tenacity.*    American  cannon  iron,  the  reader  will 

*  Report  on  MetdUfor  Cannon,  p.  284. 
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observe,  is  much  stronger  and  denser  than  ordinary  English  cast- 
iron,  the  mean  tensile  strength  of  a  large  number  of  American 
guns  cast  in  1851  being  37,774  fts.,  or  nearly  17  tons  per  square 
inch.* 

850.  Indireet  poll  ffreaCly  reduces  the  tensile  §ftren^h. 
of  cast-iron. — Mr.  Hodgkinson  found  ^'  that  the  strength  of  a 
rectangular  piece  of  cast-iron,  drawn  along  the  side,  is  about  one- 
third,  or  a  little  more,  of  its  strength  to  resist  a  central  strain."! 
In  proving  specimens  of  cast-iron  in  a  testing  machine  it  is  essential 
that  the  strain  pass  exactly  through  the  axis  of  the  specimen, 
otherwise  the  apparent  will  be  much  less  than  the  real  tensile 
strength. 

Ml.  Cast-iron  not  salted  fbr  tension. — Cast-iron  is  liable  to 
air-holes,  internal  strains  from  unequal  contraction  in  cooling  and 
other  concealed  defects  which  often  seriously  reduce  its  effective 
area  for  tension  and,  as  its  tenacity  is  only  about  one-third  of  that 
of  wrought-iron,  the  latter  material  or  steel  should  be  preferred 
for  tensile  strains  whenever  practicable.  For  these  reasons  cast- 
iron  is  seldom  used  in  the  form  of  a  tie-bar.  It  frequently  occurs, 
however,  in  tension  in  the  lower  flanges  of  girders  with  continuous 
webs,  for  the  safe  working  strain  in  which  see  Chap.  XXYIII. 

WROUGHT-IBON. 

858.  Tensile  strenfpth  of  wroni^lit-lron — ^Fraetnred  area — 
Ultimate  set. — We  are  indebted  to  Mr.  David  Kirkaldy  for  an 
excee4ingly  valuable  series  of  experiments  on  the  tensile  strength 
of  wrought-iron  and  steel,  made  by  means  of  a  lever  testing  machine 
at  the  works  of  Messrs.  Robert  Napier  and  Sons,  Glasgow.}  The 
following  tables  contain  abstracts  of  the  more  important  results  of 
these  experiments.  The  column  headed  *'  Tearing  weight  per 
square  inch  of  fractured  area'*  gives  the  breaking  weight  per  square 
inch  of  the  area  when  reduced  by  the  specimen  drawing  out  under 
proof.    The  ratio  of  this  to  the  ^'  tearing  weight  per  square  inch  of 

*  Report  on  Metalifor  Cannon,  p.  276. 

t  £x.  JUs.,  p.  812. 

X  ^operimenU  on  Wrought-iron  and  Sted,  by  DaTid  Kirkaldy,  Glasgow,  1863. 


r  ductile  or 

|)^AJ|8raw  out  to  a  small 

tkiteOSTery  high  unit-strun 

F^f^nVS^f  Spv^^fnP''^  little  under  proof, 

^&''!^%f'&'^^^^'^  Lgi-etraia  referred  to  the 

ttt'M>€v^ft^S4S^8f  U'*^°^^   elongation 
bMi^H^jSv^iaffillao  of  th«  increment 
|€^4lwlli^Kljit>g*^  before  fracture, 
I^fi^^^fVl'^.'?^-   ^^  &goi^  in  this 
^ii  W-'Sf '||l.Si£l¥*'»terial  is  more  or  leea 
"  fthe 

own 
,,.--_,  y  measured 

^I^P^^ik^E^^i^i^erj  convenient  test  of 

tae  ^  :^  :^:  :^:  .w. 

■-""""     ^aW.^S'V^IHfOHT-IlOH  EiEB. 

|SE<^i^EStH^MKiDeen'  or  merohanta'  itorea, 


' 

Dx. 

tm. 

per 

so,set 

117.147 

249 

S1,7S8 

131,878 

28-6 

aO,076 

12{s776 

20*C 

eo,2is 

114.410 

23-8 

6e,Be2 

11S,010 

20-2 

fl2,401 

114,220 

24-4 

81,477 

120,229 

M 

8^888 

127,42S 

26-6 
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TABLE  VX—TursiLi  Stbenoth  of  Wrouoht-ibon  Barb — conltnuei. 


1 


Namefl  of  the  Biaken 
or  Workai 


Description. 


Tearing 

Tearing 

weight 

weight 

per 

per 

iqaere 

square 

inch  of 

inch  of 

original 

fractured 

are& 

area. 

I 

QQ 


J.  Bbadlbt  and  Co.,  © 
(Gharooal) 

Do,    B*  B.9  Scraps 

Do.    S  C    it? 

Do.      do. 
G.  B.  Thobnetoroft  k  Co., 

TNS 
LoBD  Ward,  L*  W.R-O 

Malinsleb,  ^  Bbst, 

Baohall,  il?  J.  B. 


Do. 


do. 


5 


nLYBRBTON  RlVET,  c<^ 

Best, 
Merbbt  Co.,  Bebt, 

(tovak,  Ex.  R  Best, 

Do.         do. 


Do. 
Do. 
Do. 
Da 


do. 
do. 
do. 
do. 


I 


(xOYAN,  B.  Best, 
Da         do. 


Do. 
Da 
Do 
GoYAir, 
Da 


do. 
da 
do. 

do. 


(Boiled  bars,  1  ii\cli 
round, 
Boiled  bars,  1  inch 
round, 

Rolled  bars,  {  inch,  for 

riveta. 
Rolled  bars, }  inch  round, 

Rolled  bars,  \^  inch,  for 

rivets. 
Rolled  bars,  ^k  uich,  for 

rivets, 
Rolled  bars,  f  inch  X 

1  inch. 
Rolled   bars,    H   inch 

round, 
Do.  do.,    turned  down 

to  1  inch. 
Rolled  bars, }  inch  round. 

Forged    from    f    inch 

square  bars, 
Rolledbars, }  inch  square, 

RoUedbars,  {inch  round. 

Rolled  bars,    1|    inch 

round, 
Rolledbars,  1  inch  round, 

RoUedbars, }  inch  round, 

BoUedbars,  f  inch  round. 

Rolled    bars,    1}    inch 

round, 
Rolledbars,  1  inch  round, 

RoUedbars,!  inch  round, 

RoUedbars,  { inch  round, 

RoUed  bars, }  inch  round, 

RoUed   bars,    1|    inch 

round, 
RoUedbars,  1  inch  round. 


lbs. 

lbs. 

67,216 

146,621 

69,370 

123,806 

66,716 

112,836 

62,231 

97,576 

69,278 

99,696 

69,763 

96,724 

66,289 

88,300 

66,000 

76,861 

66,381 

80,638 

63.775 

104,680 

60.110 

86,296 

66,666 

99,000 

57,691 

96,248 

68,368 

97,821 

69,109 

98,527 

68,169 

101,863 

67,400 

92,880 

60,879 

84,770 

62,849 

88,560 

61,841 

96,442 

64,796 

97,245 

69,548 

95,706 

68,326 

78,189 

59,424 

79,878 

per 

cent. 

30-2 

26-6 

22-6 
22-2 
22-4 
18-6 
21-4 
17-3 
191 
21-6 
16-9 
19-1 
17-8 
23-8 
22-8 
19-2 
17-6 
17-0 
191 
200 
17-3 
16-9 
16-7 
16-4 


mi 

ortgtul 

per 

11 

iP 

Sib. 

Dx. 

per 

Id, 

esfise 

88,512 

16-8 

d. 

61,887 

96,319 

18'8 

i 

68,886 

97,548 

2S-2 

■h 

B8,B10 

97,669 

21-3 

dl 

SB,Qie 

80,063 

20-9 

S4,e79 

86,012 

20-8 

65,688 

80,690 

ai-8 

M,lia 

81,603 

18-6 

G9,30D 

99,912 

20-0 

67,092 

96,205 

28-7 

81.723 

96,267 

21-6 

66,981 

77,888 

16-6 

Gr,426 

96,959 

17-7 

67,698 

114.866 

24-8 

57.288 

116,869 

25-8 

67,096 

112.705 

28-I 

68.746 

113.700 

26-2 

68,199 

116,649 

21-4 

61.327 

64,100 

6-3 

55,996 

63,280 

11-1 

64,247 

60,856 

T-8 

4 

6S,SS2 

68,304 

6-8 

•i. 

66.141 

90,318 

21-8 

a. 

69,219 

89,279 

19-4 

ii 

64,691 

86,668 

20-6 

^ 

46,771 

48,057 

8-4 

.  .^.  .^.  .^.  .^.  .^.  .^.  -jgj. 


l?^3]-iiL^'^ 
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TABLE  YI.— Tbvbilb  Strength  of  Wbouoht-iron  Babs — e(nUinuecL 


Ntmes  of  the  Mtkers 
OT  Woi^t. 


DMcriptloii* 


Tearing 

Tearing 

weight 

weight 

per 

per 

square 

eqnare 

inch  of 

inch  of 

original 

fractured 

area. 

area. 

111 


m 


Ystaltfiba,  PudcQedlron, 


Do. 


do. 


'6 

i 


tx{ 


Hammebed  Sobap  Ibov,  - 
BnsHELED     Ibon     fbom 

TuBNINOSy 

Gut  out  of  a  Cbank  Shaft 
of  Hammered  Scrap 
Iron,  li"  wide,  and  re- 
duced to  the  required 
shape  in  the  latbe,  not 
on  the  anyily 


Do. 


do. 


I 


HaMMEBSD  ABX  0T7B  PLATE, 
16'6"X8'9"X4i",cut 
off  the  end  and  turned 
down,     -  -  - 

Per  ECEMAN  AXD  Ck>.,  R  F, 
Gothenbui^, 


Do. 


do. 


I 


Pbihce  Duidoff,  CC  N), 

Do.  Do. 

Swedish,  OC 

Do.     sb  Sb  W 

Do.     d?  C 

BUBBLAH,  lO  P  3 

Swedish,  OC 
Do.     d?  C 
Do.     d;  d?  W 

RussiAV,  I  d  P  3 


BoUedbars,|X2iinch, 

forged  down, 
Do.,  do.,  stripe  cut  off, 


Length  of  shaft. 
Across  shaft,  - 


^  Lengthways, 
J  CrosBways, 

Orossways^ 
Da 


li 


Strips  cut  off, 

Forged  round. 

Strips  cut  off, 

L  Forged  round, 


-  Strips  cut  off, 


I 

I 


'  Forged  dowSf 


lbs. 

lbs. 

29,626 

29,818 

38,52e 

39,470 

53,420 

94,105 

56,87a 

72,531 

47,582 

5^003 

44,758 

50,971 

43,759 

56,»10 

38,487 

42,059 

38,868- 

44^411 

36,824 

3»,085 

47,855 

121,065 

48,232 

150,760 

49,564 

73,118 

56,805 

77,632 

48,933 

141,702 

43,509 

77,349 

42,421 

63,632 

59,096 

68,047 

50,262 

188,731 

41,251 

98,510 

44,230 

83,851 

51,466 

67,907 

per 

oent. 

0-6 

2-0 


24-8 
16-6 

21-8 
16-8 

20*5 
8-4 

11-7 
6-4 

27-8 

26-4 
13-3 
15-3 
17-0 
15-3 
15-2 

60 
18-7 
14*8 
15-8 

7-5 
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TABLE  VIL— TIN8ILB  STBfeHOTH  OF  AVOLK  IBOV. 

Non. — ^All  the  pieoee  were  taken  pnmiiewmdy  from  engineen'  or  merchaiits* 
stores,  except  those  marked  tampUt,  which  were  received  from  the  makers. 


Dirtrict. 

Names  of  the  ICakers  or  Works. 

i 

Tearing 
weight 

per 

iqiiare 

inch  of 

original 

area. 

Tearing 
weight 

per 

aqnaro 

tnehof 

fhietored 

area. 

Ultimate 
elongation, 
or  tensile 
set  after 
ftaeture. 

Yorkshire^     . 

Fabnlet, 

A 

ttM. 

61,260 

lbs. 
104,468 

percent. 
20-9 

GULSOOW  Best  Scraps    - 

i 

56,094 

71,764 

150 

Glasoow  Best  Best^      - 

A 

55,987 

70,706 

15-4 

Lanarkshire^  / 

Do.        do. 

i 

55,520 

62,878 

8*5 

Dp.       do. 

A 

58,800 

65,770 

12-8 

\ 

Do.        do. 

1 

51,800 

64,962 

12-7 

Aluon  ft  Best, 

i 

56,157 

69,867 

14H) 

Albion  Best,     - 

i 

52,159 

67,695 

141 

Staffordshire,/ 

Do.    do.       • 

H 

51,467 

60,675 

11-2 

Eaolb  Best  Best, 

i 

54,727 

71,441 

18-7 

Eaolb,  .... 

U 

50,056 

58,545 

8-8 

Durham,        | 

CoNSBTT  Best  Best, 
CONSBTT  Ship  Angle  Iron, 

A 

58,548 
50,807 

65,554 
58,201 

12-6 
5-8 

TABLE  YIIL— Tbnbile  Strength  of  Wbouoht-ibon  Stbaps  and  Bbah  Iron. 

NoTX. — All  the  pieces  were  taken  pr&miscwmdy  from  engineers'  or  merchants' 
stores,  except  those  marked  tampUa,  which  were  receiyed  from  the  makers. 


District 


Names  of  the  Makers  or  Works. 


Tearing 

Tearing 

weight 

weight 

J 

per 

per 

c 

square 

square 

fi 

Inch  of 

inch  of 

H 

original 

fhhctnred 

area. 

area. 

Ultimate 
elongation, 
or  tensile 
set  after 
fracture. 


Lanarkshire, 

Staffordshire, 
S.  Wales, 


Glasgow,  Ship  Beam,  - 
DUNDTYAN,  Ship  Strap, 
MoBBBND,  Ship  Strap,    - 
Thornbtcboft,  Ship  Strap, 
DowLAU^  Ship  Beam,    - 


ii 

lbs. 
55,987 

ttw. 
67,606 

i\i 

55,285 

68,685 

Ai 

45,489 

50,459 

4 

52,789 

59,918 

} 

41,886 

45,844 

percent. 
10-79 

808 

5-18 

8-08 

4-82 
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TABLE  IX.— TnraiLB  Stbinoth  or  WsouoHT-iBoir  Flatbs. 

NoTB.— All  the  pieces  were  taken  promiicuotuily  from  engineen*  or  mercfaBntB* 
stores,  except  those  marked  tarnpleSf  which  were  received  from  the  makers.  L  denotes 
that  the  strain  was  applied  lengthways  of  the  plate ;  C,  crossways. 


DUtaricL 

Names  of  the  Makers 

or  Workfi 

TUek. 

1 

1 
1 

Tearing 
weight 
periquare 
Inch  of 
original 
area. 

Tearing 
weight 

per  square 
Inch  of 

fractured 
area. 

Ultimate 
elongation, 
or  tensUe 
set  after 
fnctore: 

LOWMOOB, 

•ft 

L 
0 

lbs. 

52,000 
50,515 

lbs. 
64,746 
57,383 

percent. 

13-2 

9*3 

BOWUNO, 

i 

L 
0 

52,235 
46,441 

61,716 
50,009 

11-6 
5*9 

Torkshiie,         ( 

Farnlbt, 

1 

L 
C 

56,005 
46,221 

68,763 
53,293 

14-1 
7-6 

Do. 

i 

L 
C 

58,487 
54,098 

70,538 
59,698 

10-9 
5-9 

Do. 

i 

Is 

58,437 
55,033 

83,112 
68,961 

17-0 
11-3 

f 

L 

0 

51,245 
46,712 

59,188 
52,050 

8-98 
6*43 

Durham,           \ 

Do.      Best  Best,   • 

A»W 

L 
C 

■  49,120 
46,755 

56,472 
50,000 

8-0 
5-2 

Do.           do. 

Aftft 

L 
C 

58,5^9 
45,677 

62,346 
48,358 

11-5 
4-0 

J.  Bbadlr  ft  Co., 

s.  cm 

i 

L 
C 

55,831 
50,550 

67,406 
55,206 

12-6 
5-5 

Do.      L  F    do.    • 

|to} 

L 
C 

56,996 
51,251 

66,858 
56,070 

13-0 
5-9 

Bo.        „       do.    • 

Itoi 

L 
C 

55,708 
49,425 

65,652 
54,002 

10-7 
51 

T.  Wrlta  Beat  Best 

ft 

AtoA 

L 
C 

47,410 
46,630 

51,521 
48,348 

4-0 
3-4 

Staffordshire, 

KBM 

A 

L 
C 

46,404 
44,764 

61,896 
47,891 

61 
4-3 

MiT.niBT.in^  Bert 

1 

L 
C 

62,572 
60,627 

62,131 
66,746 

8-6 
5-8 

G.  B.  THOBNETCBOn, 

BertDWBeet,     - 

« 

L 
C 

54,847 
45,685 

62,747 
47,712 

11-2 
4-6 

J.  Wklu  ft;  B.  Beet,  - 

«&« 

II 

46,997 
49,311 

51,140 
54,842 

67 
7-0 

k 

Llotds,  FoaiXB,  ft  Co., 
Bert, 

AtOT^ 

L 
C 

44,967 
44,732 

49,162 
48,844 

5*8 
4-6 
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TABLE  IX.^rBV8ZLB  Stberoth  of  WBouaHT-ntozr  Plates— eofUimierf. 


DUtrictt 


Names  of  tbe  lUken 
or  Worka. 


1 

Tearing 

Tearing 

weight 

weight 

Thick. 

1 

per  square 

!per  square 

inch  of 

inch  of 

fl 

original 

fraetnred 

1 

area. 

area. 

Ultimate 
elongation, 
or  tensile 
set  after 
fraetore. 


Sbropahiie, 


LftDarkshirs, 


Skxdbhill  ^  Bert, 


MossiND,  Best  Best,  • 


Glasgow,  Best  Boiler, 


Do.        Ship, 


Do.        BestBest, 


Do. 


do. 


Do.        Best  Scrap, 
Makers'  stamp  uncertaixi, 

GoVAN,  Best,  - 

<@>  GOVAH  ^> 


lbs. 

lbs. 

AtoA 

L 
C 

52,862 
48,086 

61,581 
45,800 

1 

L 
0 

48,438 
41,456 

46,088 
48,622 

Jtoii 

L 
C 

58,849 
48,848 

60,522 
52,252 

Ato« 

L 
C 

47,778 
44,855 

49,816 
45,848 

AtoiJ 

L 
0 

45.626 
41,840 

48,208 
42,480 

Jto} 

L 
C 

58,899 
41,791 

59,557 
48,614 

i 

L 

50,844 

58,412 

Ato« 

L 
C 

47,598 
40,682 

58,182 
43,426 

itol 

L 
C 

48,942 
89,544 

45,886 
40,624 

Tf 

L 
0 

54,644 
49,899 

66,728 
54,020 

percent. 
9-6 
2-8 

8*8 

2-9 

9-8 
4-6 

8-65 
2-11 

4-34 
2-87 

8-95 
2-68 

10-5 

5-9 
2-5 

8-4 
1-4 

11-6 
6-5 


853.   TensUe  streufj^h  of  wroayht-lron»  mean  resnlts* — 

The  following  short  table  contains  the  mean   results   of  Mr. 
Kirkald j's  experiments  on  the  tensile  strength  of  wrought-iron : — 

TABLE  X.— TsNsiLK  Strbnoth  or  Wbouoht-ibon,  Miak  Bxbultb. 


lbs.          tons. 

188  bars,  roUed,     - 

- 

- 

-     57,555  =  25} 

72  angle-iron  and  straps. 

- 

-     54,729  =  24} 

167  plates,  lengthways, 

- 

- 

-  50,787  =  22-65) 

[21} 

-  46,171  =  20-6   ) 

160  plates,  crossways, 

• 

• 

In  my  own  experience  I  find  that  the  common  brands  of  plate- 
iron  which  are  manufactured  for  girder-work  and  ship-building  are 


304  TENSILE  STRENGTH  OF  MATERIALS.       [CHAP.  XYI. 

about  10  per  cent,  weaker  than  the  mean  results  in  the  foregoing 
table,  and  that  their  set  after  fracture,  lengthways,  rarely  exceeds 
5  per  cent,  of  the  total  length ;  also  that  Staffordshire  and  North 
of  England  iron  are  generally  tougher  than  Scotch  iron. 

854.  Kirki^dy's  conclasioiM. — Mr.  Eirkaldy  sums  up  the 
results  of  his  experimental  inquiry  in  the  following  concluding 
observations,  which  the  student  should  study  carefully : — 

1.  The  breiiking  etrain  does  not  indicate  tke  quality,  as  hitherto  assumed. 

2.  A  high  breakiiig  strain  may  be  due  to  the  iron  being  of  superior  quality,  dense, 
fine,  and  moderately  8(^  or  simply  to  its  being  yery  hard  and  unyielding. 

8.  A  low  breaking  strain  may  be  due  to  looseness  and  coarseness  in  the  texture,  or 
to  extreme  softness,  although  yeiy  dose  and  fine  in  quality. 

4.  The  contraction  of  area  at  fracture,  preyiously  oyerlooked,  forms  an  essential 
element  in  estimating  the  quality  of  spedmens. 

5.  The  respectiye  merits  of  various  specimens  can  be  correctly  ascertained  by  com- 
paring the  breaking  strain,  jointly  with  the  contraction  of  area. 

6.  Inferior  qualities  show  a  much  greater  yariation  in  the  breaking  strain  than 
supenor. 

7.  Greater  differences  exist  between  small  and  large  bars  in  coarse  than  in  fine 
varieties. 

8.  The  preyailing  opinion  of  a  rough  bar  being  stronger  than  a  turned  one  is 
erroneous. 

9.  Boiled  bars  are  slightly  hardened  by  being  forged  down. 

10.  The  breaking  strain  and  contraction  of  area  of  iron  plates  are  greater  in  the 
direction  in  which  they  are  rolled  than  in  a  transverse  direction. 

11.  A  very  slight  difference  exists  between  specimens  from  the  centre  and  spedmens 
from  the  outside  of  crank  shafts. 

12.  The  breaking  strain  and  contraction  of  area  are  greater  in  those  specimens  cut 
lengthways  out  of  crank  shafts  than  in  those  cut  crossways, 

18.  The  breaking  strain  of  steel,  when  taken  alone,  gives  no  due  to  the  real  qualities 
of  various  kinds  of  that  metal* 

14.  The  contraction  of  area  at  fracture  of  specimens  of  steel  must  be  ascertained  as 
well  as  in  those  of  iron. 

15.  The  breaking  strain,  jointly  with  the  contraction  of  area,  affords  the  means  of 
comparing  the  peculiarities  in  various  lots  of  specimens. 

16.  Some  descriptions  of  sted  are  found  to  be  very  hard,  and,  consequently,  suitable 
for  some  purposes ;  whilst  others  are  extremely  soft,  and  equally  suitable  for  other  uses. 

17.  l^e  breaking  strain  and  contraction  of  area  of  puddUd-tted  plates,  as  in  iron 
plates,  are  greater  in  the  direction  in  which  they  are  rolled;  whereas  in  catt-ttteel 
they  are  less, 

18.  Iron,  when  fractured  suddenly,  presents  invariably  a  crystalline  i^ypearanoe ; 
when  fractured  dowly,  its  appearance  is  invariably  fibrous. 
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19.  The  ^ypMranoe  may  be  changed  from  fifaroos  to  crjBtalUne  by  merely  altering 
the  shape  of  ipecimen,  bo  as  to  render  it  more  liable  to  map. 

20.  The  appearance  may  be  changed  by  varying  the  treatment,  bo  as  to  render  the 
iron  harder  and  more  liable  to  sni^ 

21.  The  appearance  may  be  changed  by  applying  the  strain  so  suddenly  as  to  render 
the  specimen  more  liable  to  snap,  from  having  less  time  to  Btretch. 

22.  Iron  is  less  liable  to  snap  the  more  it  is  worked  and  rolled. 

28.  The  "  skin"  or  outer  part  of  the  iron  is  somewhat  harder  than  the  inner  part,  as 
shown  by  appearance  of  fracture  in  rough  and  turned  bars. 

24.  The  mixed  character  of  the  scrap-iron  used  in  large  foxgings  is  proved  by  the 
singularly  varied  appearance  of  the  fractures  of  specimens  cut  out  of  crank  shafts.  ' 

25.  The  texture  of  various  kinds  of  wrought-iron  is  beautifully  developed  by  im- 
mersion in  dilute  hydrochloric  add,  which,  acting  on  the  surrounding  impurities, 
exposes  the  metallic  portion  alone  for  examination. 

26.  In  the  fibrous  fractures  the  threads  are  drawn  out,  and  are  viewed  externally, 
whilst  in  the  crystalline  fractures  the  threads  are  snapped  across  in  dustets,  and  are 
viewed  internally  or  sectionally.  In  the  latter  cases  the  fracture  of  the  specimen  is 
always  at  right  angles  to  the  length ;  in  the  former  it  is  more  or  less  irregular. 

27.  Steel  invariably  presents,  when  fractured  slowly,  a  silky  fibrous  appearance ; 
when  fractured  suddenly,  the  appearance  is  invariably  granular,  in  which  case  also 
the  fracture  is  always  at  right  angles  to  the  length ;  when  the  fracture  is  fibrous,  the 
angle  diverges  always  more  or  less  from  90^ 

28.  The  granular  appearance  presented  by  steel  suddenly  fractured  is  nearly  free  of 
lustre,  and  unlike  the  brilliant  crystalline  appearance  of  iron  suddenly  fractured ;  the  two 
combined  in  the  same  apecimen  are  shown  in  iron  bolts  partly  oonverted  into  steeL 

29.  Steel  Whidi  previously  broke  with  a  silky  fibrous  appearance  is  changed  into 
granular  by  being  hardened. 

80.  The  little  additional  time  required  in  testing  those  specimens,  whose  rate  of 
elongation  was  noted,  had  no  injurious  effect  in  lessening  the  amount  of  breaking 
strain,  as  imagined  by  some. 

81.  The  rate  of  elongation  varies  not  only  extremely  in  different  qualities^  but  also 
to  a  considerable  extent  in  specimens  of  the  same  brand. 

82.  The  spedmens  were  generally  found  to  stretdi  equally  throughout  their  length 
until  dose  upon  rupture,  when  they  more  or  less  suddenly  drew  out,  usually  at  one 
part  only,  sometimes  at  two,  and,  in  a  few  exceptional  cases,  at  three  different  places. 

88.  The  ratio  of  ultimate  dongation  may  be  greater  in  short  than  in  long  bars  in 
some  descriptions  of  iron,  whiUt  in  others  the  ratio  ia  not  affected  by  difference  in  the 
length. 

84.  The  lateral  dimensions  of  specimens  forms  an  important  element  in  comparing 

dther  the  rate  oi^  or  the  ultimate^  dongations — a  droumstance  which  has  been  hitherto 

overlooked. 
86.  Sted  is  reduced  in  strength  by  being  hardened  in  water,  while  the  strength  is 

vastly  increased  by  being  hardened  in  dl. 

86.  The  higher  sted  is  heated  (without,  of  course,  running  the  ride  of  being  burned) 

the  greater  is  the  increase  of  strength,  by  being  plunged  into  oil. 

X 
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37.  In  a  Hghlj  converted  or  bard  steel  the  increase  in  strength  and  in  hardness  is 
greater  than  in  a  less  converted  or  soft  steel. 

88.  Heated  steel,  by  being  plunged  into  oil  instead  of  water,  is  not  only  considerably 
hardened,  but  toughened  by  the  treatment. 

89.  Steel  plates  hardened  in  oil,  and  joined  together  with  rivets,  are  fully  equal  in 
strength  to  an  unjointed  soft  plate,  or  the  loss  of  strength  by  riveting  is  more  than 
counterbalanced  by  the  increase  in  strength  by  hardening  in  oiL 

40.  Steel  rivets,  fully  larger  in  diameter  than  those  used  in  riveting  iron  plates  of 
the  same  thickness,  being  found  to  be  greatly  too  small  for  riveting  steel  plates,  the 
probability  is  suggested  that  the  proper  proportion  for  iron  rivets  is  not,  as  generally 
assumed,  a  diameter  equal  to  the  thickness  of  the  two  plates  to  be  joined. 

41.  The  shearing  strain  of  steel  rivets  is  found  to  be  about  a  fourth  less  than  the 
tengQe  strain. 

42.  Iron  bolts,  case-hardened,  bore  a  less  breaking  strain  than  when  wholly  iron, 
owing  to  the  superior  tenacity  of  the  small  proportion  of  steel  being  more  than  ooim- 
terbalanced  by  the  greater  ductility  of  the  remaining  portion  of  iron. 

43.  Iron  highly  heated  and  suddenly  cooled  in  water  is  hardened,  aud  the  breaking 
strain,  when  gradually  applied,  increased,  but  at  the  same  time  it  is  rendered,  more 
liable  to  snap. 

44.  Iron,  like  steel,  is  softened,  and  the  breaking  strain  reduced,  by  being  heated 
and  allowed  to  cool  slowly. 

45.  Iron  subject  to  the  cold-rolling  process  has  its  breaking  strain  greatly  increased  by 
being  made  extremely  hard,  and  not  by  being  "  consolidated,"  as  previously  supposed. 

46.  Specimens  cut  out  of  crank-shaft  are  improved  by  additional  hammering. 

47.  The  galvanizing  or  tinning  of  iron  plates  produces  no  sensible  e£Fects  on  plates 
of  the  thickness  experimented  on.  The  result)  however,  may  be  different,  should  the 
plates  be  extremely  thin. 

48.  The  breaking  strain  is  materially  affected  by  the  shape  of  the  specimen.  Thus 
the  amount  borne  was  much  less  when  the  diameter  was  uniform  for  some  inches  of 
the  length  than  when  confined  to  a  small  portion — a  peculiarity  previously  unascer- 
tained, and  not  even  suspected. 

49.  It  is  necessary  to  know  correctly  the  exact  conditions  under  which  any  tests  are 
made  before  we  can  equitably  compare  results  obtained  from  different  quarters. 

50.  The  startling  discrepancy  between  experiments  made  at  the  Boyal  Arsenal,  and 
by  the  writer,  is  due  to  the  difference  in  the  shape  of  the  respective  specimens,  and  not 
to  the  difference  in  the  two  testing  machines. 

51.  In  screwed  bolts  the  breaking  strain  is  found  to  be  greater  when  old  dies  are 
used  in  their  formation  than  when  the  dies  are  new,  owing  to  the  iron  beconung  harder 
by  the  greater  pressure  required  in  forming  the  screw  thread  when  the  dies  are  old 
and  blunt  than  when  new  and  sharp. 

52.  The  strength  of  screw-bolts  is  found  to  be  in  proportion  to  their  relative  areas, 

there  being  only  a  slight  difference  in  favour  of  the  smaller  compared  with  tiie  laiger 

sizes,  instead  of  the  very  material  difference  previously  imagined. 

58.  Screwed  bolts  are  not  necessarily  injured,  although  strained  nearly  to  their 
,  breaking  point. 
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54.  A  great  vaziAtioii  ezisto  in  the  itrength  of  iron  bun  which  have  been  cut  and 
welded ;  whilst  some  bear  almost  as  much  as  the  uncut  bar,  the  strength  of  others  is 
reduced  fully  a  third. 

55,  The  welding  of  steel  bars,  owing  to  their  being  so  easily  bumed  by  slightly  over- 
heating,  is  a  difficult  and  uncertain  operation. 

66.  Iron  is  injured  by  being  brought  to  a  white  or  welding  heat^  if  not  at  the  same 
time  hammered  or  rolled. 

67.  The  breaking  strain  is  considerably  less  when  the  strain  is  applied  suddenfy  in* 
stead  of  gradually,  though  some  have  imagined  that  the  reverse  is  the  case. 

5.S.  The  contraction  of  area  is  also  less  when  the  strain  is  suddenly  applied. 

69.  The  breaking  strain  is  reduced  when  the  iron  is  frosen ;  with  the  strain  gra- 
dually applied,  the  difference  between  a  frozen  and  unfrosen  bolt  is  lessened,  as  the 
iron  is  wanned  by  the  drawing  out  of  the  specimen. 

60.  The  amount  of  heat  developed  is  considerable  when  the  specimen  is  suddenly 
stretched,  as  shown  in  the  formation  of  vapour  from  the  melting  of  the  layer  of  ice  on 
one  of  the  specimens,  and  also  by  the  surface  of  others  assuming  tints  of  various  shades 
of  blue  and  orange,  not  only  in  steel,  but  also^  although  in  a  less  marked  degree,  in 
iron. 

61.  The  specific  gravity  is  found  generally  to  indicate  pretty  correctly  the  quality  of 
specimens. 

62.  The  density  of  iron  is  decretued  by  the  process  of  wire-drawing,  and  by  the 
similar  process  of  cold  rolling,  instead  of  inereated,  as  previously  imagined. 

68.  The  density  in  some  descriptions  of  iron  is  also  decreased  by  additional  hot- 
rolling  in  the  ordinary  way  ;  in  others  the  density  is  very  slightly  increased. 

64.  The  density  of  iron  is  decreased  by  being  drawn  out  under  a  tensile  strain, 
instead  of  increased,  as  believed  by  some. 

66.  The  most  highly  converted  steel  does  not,  as  some  may  suppose,  possess  the 
greatest  density. 

66.  In  cast-steel  the  density  is  much  greater  than  in  puddled-steel,  which  is  even 
less  than  in  some  of  the  superior  descriptions  of  wrought-iron. 

The  foregoing  extracts  afford  the  reader  bat  a  meagre  idea  of 
Mr.  Kirkaldy*s  laborious  researches,  and  the  student  who  seeks 
more  detailed  information  regarding  his  experiments,  or  the  instru- 
ments and  method  he  adopted  in  testing  specimens,  is  referred  to 

his  book  on  the  subject. 

955.  Strenirth  of  iron  plates  leniptliways  10  per  eent. 
H^reater  than  cro8ftway» — RemoTlnfp  flkln  off  wroayht-iron 

dloes  not  faDjnre  it»  tensile  streni^. — From  Table  X.  it  appears 
that  the  average  strength  of  wrought-iron  plates  drawn  in  the 
direction  of  their  length  is  about  ten  per  cent,  greater  than  when 
drawn  across  the  grain.  The  ''  set  after  fracture  "  is  also  mnch 
greater  in  the  direction  of  the  fibres.    This  agrees  with  Mr.  Clark's 
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experiments*  as  well  as  with  my  own  experience.  With  reference 
to  the  effect  of  removing  the  outer  skin  or  glaze  on  rolled  iron, 
Mr.  Kirkaldy  observes,  "  The  generally  received  opinion,  that  by 
removing  the  *  skin'  the  relative  strength  was  greatly  reduced,  or 
that  a  rough  bar  was  much  stronger  than  one  turned  to  the  same 
diameter,  is  proved  to  be  erroneous."! 

MO.  Bar  and  an^le  Iron  are  toagftier  and  stronger  than 
plates — Boiler  plates — Ship  plates — ^Bard  Iron  unlit  fbr  shlp- 
bolldinur* — ^Both  bar  and  angle  iron  are  tougher  and  stron^r  than 
plate  iron,  and  from  Table  X.  it  appears  that  bars  of  ordinary 
sizes  are  nearly  14  per  cent,  stronger  than  plates;  perhaps  this 
does  not  apply  to  bars  of  large  section,  say  three  inches  in  diameter 
and  upwards.  The  great  demand  for  iron  ships  has  given  rise  to 
the  manufacture  of  a  cheap  quality  of  plate  iron  called  '^ship"  or 
"boat"  plates;  this  iron  is  generally  inferior  in  strength  and 
toughness  to  "boiler"  plates,  and  is  often  so  hard  and  brittle  that 
its  set  after  fracture  does  not  exceed  two  or  three  per  cent,  of  the 
length,  even  with  the  grain,  while  its  tensile  strength  is  frequently 
less  than  eighteen  tons  per  square  inch.  There  can  be  no  greater 
mistake  than  to  suppose  that  hard  iron  is  fit  for  ships.  Iron  plates 
which  are  tough  and  ductile  like  copper  will,  when  struck,  often 
escape  with  a  mere  dint  or  bulge,  whereas  hard  iron  under  the  same 
circumstances  will  crack  or  tear,  especially  along  a  line  of  rivet  holes. 

857.  I^ari^e  fbri^ini;s  not  so  strong  as  rolled  Iron — 
Annealinir  reduces  the  tensile  strenf^th  of  small  Iron^  hot 
Increases  Its  ductility — Annealing  Injurious  to  larf^e  forylnffs 
— Hfery  prolonged  anneallni^  byurlous  to  all  wrouf^ht-lron — 

GxcesslTC  strain  renders  Iron  brittle* — It  is  generally  believed 
that  large  forgings  are  less  tenacious  than  small  ones.  About 
this,  however,  there  is  some  difference  of  opinion,  and  the  sub- 
ject requires  further  experiments  before  it  can  be  definitively 
settled,  t  Large  forgings  certainly  require  greater  manufacturing 
skill  than  small  ones,  and  it  is  probable  that  large  forgings,  such  as 

*  Clark  on  iU  Tubular  Bridgtt,  p.  377. 
t  E7epU.y  p.  27. 

X  See  discusrion  on  Mr.  Mallet's  paper  on  the  Coefficients  of  Elasticity  and  Rupture 
in  Maanve  Foigings.— Proc.  Intl,  C.  £,,  Vol  xviii.,  p.  296. 
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shafts  for  marine  engines,  are  somewhat  weaker  in  tensile  strength 
than  bar  or  plate  iron  to  which  the  rolling  process  imparts  a  fibrous 
structure;  this  view  seems  to  be  confirmed  by  Mr.  Kirkaldy's 
experiments  on  hammered  iron  in  Table  YI.  Annealing  small 
iron  reduces  its  tensile  strength  (t54  44),  though  it  increases 
its  ductility  and  toughness,  which  are  sometimes  more  important 
qualities.  For  instance,  it  is  a  good  practice  to  anneal  old  crane 
chains  which  have  become  brittle  by  overstraining,  and  thus 
render  them  less  liable  to  snap  from  sudden  jerks.  Annealing  large 
forgings  is  injurious,  as  it  produces  a  crystalline  structure,  the 
reverse  of  fibrous,  and  very  prolonged  annealing  of  small  sized  iron 
seems  to  have  a  similar  bad  effect.*  If  an  iron  bar  be  torn  asunder 
several  times  in  succession,  its  tensile  strength  each  time  will 
apparently  increase,  because  it  first  gives  way  at  the  weakest  point, 
next  time  at  the  second  weakest,  and  so  on ;  but  though  several 
applications  of  the  tearing  strain  do  not  diminish  its  ultimate 
strength  to  resist  a  steady  pull,  they  take  the  ductility  or  stretch 
out  of  the  iron  and  render  it  hard  and  brittle  and  therefore  liable 
to  snap  from  sudden  shocks.  For  the  safe  working  load  of  wrought- 
iron  see  Chap.  XXVIII. 

IRON   WIRE. 

85§.  TenfiUe  sirenirth  of  Iron  wire — ^Annealinir  Iron  wire 
redaces  Its  tensile  ntren^h. — ^From  Mr.  Telford's  experiments 
it  appears  that  the  strength  of  iron  wire  j^^th  inch  diameter  =  36 
tons  per  square  inch.f  The  strength  of  the  iron  wire  used  by 
Mr.  Roebling  at  the  Niagara  Falls  suspension  bridge  was  nearly 
100,000  lbs.  (=  44*6  tons)  per  square  inch.  This  wire  measures 
18"31  feet  per  lb.,  and  is  "  small  No.  9  Grange,  60  wires  forming 
one  square  inch  of  solid  section."  { 

The  following  table  contains  the  results  of  experiments  made  by 
M.  Seguin  on  iron-wire  of  different  sizes  and  qualities.  § 

*  Morin,  p.  47. 

t  Barlow  an  the  Strength  of  Materials,  p.  288. 

t  Papen  and  Practical  IlltutnUioru  of  Public  Works  of  Recent  Oontimction,  both 
British  and  American.    Weale  :  1856.    pp.  16,  18. 

§  RUvmi  des  lemons  sur  Vaipflication  de  la  Micanique.  Par  M.  Navler.  BmzeUeii, 
1839,  p.  80. 
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TABLE  XI.— 'Tbvbilb  Stbbitoth  of  Ibov  Wibe. 


Description  of  Wlroi 

Diameter. 

Teerlng  weight  per 
squire  millimetre. 

Iron  wire  from   Botugogne,  No.   8,  unequally 

annealed. 
Idem,  No.  7,  carefully  annealed,   - 

millimetres. 
1172 

1-062 

kilogrammes. 
38-2 

36-1 

Idem,  No.  18,  not  annealed, 

8-366 

58-8 

Idem,  No.  7,  not  annealed,    -        - 

• 

1062 

73-7 

Fil  de  TAJgle,  employed  for  carding, 

0-2294 

89-8 

Paase-perle,  rather  soft,      .... 

0-6917 

85-7 

Wire  from  a  factory  in  Be9an9on — 

No.  1,  BOft, 

0-61S8 

861 

2,80ft,     *       - 

0-7078 

87-0 

3,  brittle,     - 

0-7327 

80-8 

4,  brittle,     - 

0-888 

76-6 

5,  veiy  brittle. 

0-9115 

72-3 

6      -                       -           - 

1022 

761 

7      .           . 

1-08 

71-2 

8,  very  brittle, 

1123 

67-3 

9,  rather  brittle,      - 

1-293 

69-8 

10,  very  soft, 

1*435 

64-8 

11,  very  soft, 

1-476 

58*6 

12      - 

1-691 

55-5 

18      - 

1-8 

57-2 

1 4,  very  soft,  without  elasticity. 

2-072 

49*3 

15      - 

2-226 

51*9 

16,  very  soft. 

2-489 

63-9 

17,  flawed,     - 

2-695 

68*1 

18      - 

8-087 

84-0 

19      . 

3-492 

78-2 

20      - 

4-14 

65-7 

21      -         .              -           . 

4-812 

62-5 

22,  very  brittle, 

5-449 

67*7 

23,  soft, 

5-942 

62-6 

NOTB.— A  millimetre  equals  very  nearly  '04  —  ^th  i 

inch;  andkilogra 

mmes  per  square 

millimetre  may  be  converted  into  tons  per  sauare  inc 

h.  bv  multinlvinfir 

bv  0-635. 
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That  annealing  iron  wire  seriously  impairs  its  tensile  strength 
may  be  inferred  from  the  foregoing  experiments. 

STEEL. 

859.  Tensile  mtren^h^  ultimate  set  and  limit  of  elasticity 
of  steeL — The  following  table  contains  the  results  of  experiments 
on  the  tensile  strength  and  other  properties  of  steel  bars  50  inches 
long  and  1*382  inch  diameter  (=  1*5  sq.  inch),  made  by  Mr. 
Kirkaldy  for  the  «  Steel  Committee,"  the  samples  being  carefully 
turned  down  from  two-inch  square  bars.* 

TABIiE  XII. — ^TsNSiLa  Stbinoth  and  Limit  of  ELABnciTT  of  Stul  Babs. 


Kind  of  SteeL 

Tearing  wtAght 
per  square  inch. 

Ultimate 
elongation,  or 

tensile  set 
after  fractnre. 

Limit  of 

tensae 

elasticity. 

Cbtjciblb  Stsbl. 

tons. 

percent. 

tons. 

rTyrefi, 

86-51^ 

9-17 

20-62 

Hammered,  i  Axles, 

40-94 

-  88-19 

8-72 

25-56 

LEailB, 

88-14 . 

« 

2-96 

19*64 

Rolled,              Axlee, 

80-62 

10*56 

18-75 

BsssnoEB  Stebl. 

rTypea,        • 

85-09^ 

11-1 

28-80 

Axles, 

• 

88-47 

88-98 

12-1 

21-87 

.Raila, 

88-24, 

12-8 

21-48 

Tyres, 

8209^ 

18-8 

19-19 

Boiled, 

Axles, 

82-22 

>  81*99 

190 

17-85 

.lUilB, 

81-67  J 

16-0 

20-09 

Mean,        -            -            -            .            - 

83-68 

12-12 

20-88 

Table  XIII.  contains  the  results  of  additional  experiments  made 


*  ExpermeaU  on  Sted  ani  Iron  hy  a  OommiUee  of  OivU  Bngineent  1868-70. 
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by  the   same   Committee   at   Woolwich   DocWard  on    various 
descriptions  of  steel  bars  10  feet  long  and  I^  inch  diameter. 

TABLE  XIII.— Tbztbile  Stbbnoth  Ain>  Limit  or  Elastioitt  or  Stbel  Babs. 


Kind  of  steel 


Wbst  the  Bteel  was 
Intended  for. 


Tearing 

weight 

per  square 

inch. 


Ultimate 
elongation, 
or tensUe 
set  after 
ihustare. 


Umit  of 

tensile 

elaaticitj. 


Cradble  cast  steel  from  Swedish 
bar  iron,  chisel  temper, 

Crucible  cast  steel. 

Cast  steel,  ... 

Ditto, 
Crucible  steel,    - 

Ditto,  -  -  - 

Hammered  crucible  cast  steel,  - 
Crucible  steel,    ... 

Bessemer  steel,  - 

Cast  steel, 

BoUed  crucible  cast  steel, 

Bessemer  steel,  - 

Ditto, 

Ditto,  ... 


Tyres 

Piston  rods,  fta    - 

Gun  barrels 


(Faggoted,  ham-) 
(  mered  &  rolled) 

Piston  rods,  &c.    - 


Tyres  and  axles 


tons. 

percent. 

62-76 

6*29 

61-01 

7*29 

48-48 

4-74 

41-86 

112 

40-64 

418 

88-61 

7-96 

87-05 

18-64 

85-47 

9-63 

86-40 

11*18 

83*66 

0-89 

34*48 

2*02 

84-19 

11-90 

88-68 

11-48 

88-66 

18-61 

tons. 

26-00 

25-60 

26-00 

27-00 

20-50 

16-88 

25-00 

20-00 

19-60 

26-76 
20-60 
20-00 
17-60 
16-60 


Mean, 


88-97 


7-48 


21*97 


Table  XTV.  gives  the  results  of  experiments  by  Sir  William 
Fairbaim  on  the  mechanical  properties  of  steel.* 


*  Brit.  An,  Rep.,  1867. 
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Tables  XV.  and  XVT.  contain  the  principal  results  of  Mr. 
Kirkaldy's  experiments  on  the  tensile  strength  of  steel  bars  and 
plates.*     His  *'  conclusions"  respecting  steel  will  be  found  in  854. 

TABLE  XY.— Tensiu  Strength  of  Stiil  Babs. 

NOTS. — All  the  pieces  were  taken  promiacwm^  from  engineen'  or  merchants' 
stores,  except  those  marked  MtnpUi,  which  were  received  from  the  makers. 


DlBtTlct 


Names  of  the  Ifaken 
or  Works. 


Description. 


Tearing 

Tearing 

weight 

weight 

periqnare 

per  square 

Inch  of 

inch  of 

original 

fractured 

area. 

area. 

Ultimate 
elonga- 
tion, or 
set  after 
fracture. 


( 


'6 


( 


I 


T.  Tubtok  and  Sova, 
Cast  Steel  for  Tools 
(from  Acadian  Iron), 

Thomas  Jowitt,  Cast 
Steel  for  Tools, 

Do.  do.,  Cast  Steel  for 
Chisels, 

Do.  do..  Cast  Steel  for 
Drifts, 

T.  JowiTT,  Double  Shear 
Steel, 

BESfUUiKB  (tool),Mmjp/e«, 

WiLKiNflOK,  ®  Blister 

Steel, 
T.   JowiTT,  Cast  Steel 

for  Taps, 
T.  JowiTT,  Spring  Steel, 

Mobs   and    Gamblis, 

Cast  Steel  for  Rivets, 

Mompla, 
Natlobs,  Yicxsbb,  and 

Co.,    Cast  Steel  for 

Rivets, 

SHOBTBmOB,      HOWBLL) 

AND      Co.,      Homo- 
geneous Metal, 
Do.,  do., 

MiBSBT  Co.,  Paddled 
Steel, 

Bloohaibn,  Paddled 
Steel, 


Do., 
Do., 


do., 


Kbupp,  DassddoT^  Cast 
Steel  for  Bolts, 


> 


ill 


g 


s 


1 

Forged  from  f  inch 

rolled  bars, 
Rolled  bars,  f  inch 

round. 

Rolled  bars,  ]  inch 
round, 

RoUedbars,  -/^inch, 
for  rivets, 

Forged,    - 

Forged,    - 

Rolled  bars, 

Foiged  from  dabs, 

Foiged  from  rolled 
luaa, 

Rolled  bars,  round, 


lbs. 

182,909 

lbs. 
189,124 

182,402 

151,857 

124,852 

150,248 

116,882 

147,570 

118,468 

147,896 

111,460 

148,827 

104,298 

132,472 

101,151 

142,070 

72,529 

95,490 

107,286 

158,018 

106,615 

158,785 

90,647 

142,920 

89,724 

121,212 

71,486 

110,451 

70,166 

84^871 

65,255 

80,870 

62,769 

71,281 

92,015 

189,434 

percent. 
5*4 


5-2 

7-1 

133 

13-5 

5-5 

9-7 

10-8 

18-0 

12-4 

8-7 

137 

11-9 
191 

11-8 

12-0 
9-1 

15-8 


*  Ba^ts,  on  Wrought  Iron  and  StetL 
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TABLE  XVI.— Tkitbilb  Stbxnoth  or  Stsbl  Platbs. 

NoTB. — ^All  the  pieoes  were  taken  prtnniMcwmtly  from  engineers'  or  merchAnts* 
stores,  except  those  marked  tampUtt  which  were  received  from  the  makers.  L  denotes 
that  the  strain  was  applied  Ungthwayt  of  the  plate ;  C,  crosmoayt. 


Dlrtrict 


Names  of  the  llakers  or  Worics. 


Thick. 


Ttarlng 
▼eight 
per  squAre 
inch  of 
original 


Tearing 

weight 
periqaare 

inch  of 
fractured 


Ultimate 
elonga- 
tion, or 
tenrile 
aet  after 
fractnreL 


OQ 


a 


^ 


T.TubtovahdSovb»  Cast  Steel, 

Natlob,  Yioksbs,  and  Co., 
Cast  Steel, 

Moss  AND  Gambles,  Cast  Steel, 

Shobtridgx,  Howkll,  and  Co., 
Homogeneous  Metal, 


Da, 


da. 


Bo.,  Second  Quality, 


Mebsbt  Co.,  PuddledSteel  (Ship 
Plates), 

Mbbset  Co.,  Puddled  Steel 
*Hard," 

Da  "  Mild,"  do.. 
Da  do.  (Ship  Plates),   • 
Blochairn,  Puddled  Steel,    • 


O 


Do.,  da  (Boiler  Plates), 


inch. 

t 

i 

i 

i 

\ 

i 

A 

A 


L 

0 

L 
C 

L 

LC 

L 
C 


Ul 


L 
C 

rL 
c 

L 

LC 


1^ 

L 
C 


lbs. 

94,289 
96,308 

81,719 
87,150 

75,594 
69,082 

96,280 
97,150 

96,989 

72,408 
73,680 

101,450 
84,968 

102,593 
85,865 

77,046 
67,686 

71,532 

102.234 
84,398 

96,320 
73,699 


lbs. 

100,063 
111,811 

104,232 
112,018 

105,554 
112,546 

114,106 
114,300 

113,305 

81,823 
78,245 

109,552 
91,746 

107,827 
89,116 

88,240 
73,634 

77,520 

108,079 
87,877 

107,614 
76,646 


percent. 

5-71 
9-64 

17-50 
17-82 

19-82 
19-64 

8-61 
8-93 

14-4 

5-93 
8-21 

2-79 
1-25 

4-86 
3-80 

6-16 
6-72 

3-57 

3-60 
2-68 

8*22 

4-14 


360.  Steel  plates  often  deilcleiit  In  onlformlty  and  toayh- 
ness — ^Pnnchlnip  as  eompared  with  drilllnip  greatly  redoees 
the  tensile  strenirth  of  steel  plates;  streni^h  ipeneralljr 
restored  hj  annealing — ^Anneallnip  equalises  dllferent  quali- 
ties of  steel  plates. — ^From  the  foregoing  table  it  appears  that 
the  difference  of  strength  lengthways  and  crossways  is  often  much 
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greater  in  steel  than  in  iron  plates,  amounting  to  nearly  20  per 
cent,  in  some  specimens.  The  reader  will  also  observe  that  the 
ultimate  tensile  set  of  steel  plates  is  in  general  small  compared 
with  that  of  the  tougher  kinds  of  iron  in  Table  IX.  This 
indicates  the  direction  to  which  manufacturers  of  steel  should 
direct  their  attention,  as  for  many  purposes,  especially  shipbuild- 
ing, toughness  and  ductility  are  quite  as  essential  as  great  tensile 
strength  (356).  Sometimes  steel  plates  are  so  brittle  as  to  fly 
in  pieces  under  the  hammer,  or  split  in  punching,  and  thick  plates 
are  said  to  possess  this  undesirable  quaUty  to  a  greater  degree  than 
thin  ones,  and  occasionally  they  fly  without  any  apparent  cause 
whatever  shortly  after  they  have  been  riveted  in  place.  Com- 
plaints also  are  made  of  want  of  uniformity  of  texture,  some 
plates  of  a  lot  being  all  that  could  be  desired,  while  others  of  the 
same  lot  may  be  hard  and  brittle.  Owing  to  this  uncertainty 
the  manufacture  of  steel  plates  seems  still  in  a  transition  state, 
and  consequently,  engineers  and  shipbuilders  have  not  made  use  of 
the  material  to  the  extent  to  which  its  superior  tensile  strength 
seems  to  destine  it. 

It  appears  from  papers  on  the  treatment  of  steel,  read  at  the 
annual  meeting  of  the  Institution  of  Naval  Architects  in  April, 
1868,  that  steel  plates,  such  as  are  now  sometimes  used  in  ship- 
building, may  be  obtained  of  a  tensile  strength  of  from  30  to  35 
tons  per  square  inch.  Punching,  as  compared  with  drilling, 
reduced  the  strength  of  Bessemer  steel  plates  33  per  cent.  It 
was  found,  however,  that  annealing  these  punched  Bessemer 
plates  restored  them  to  their  original  strength.  In  other  experi- 
ments on  mild  puddled  steel  plates  the  loss  of  strength  from 
punching  was  21  per  cent.,  and  there  was  no  benefit  from  subse- 
quent annealing.  With  mild  crucible  steel  plates  the  loss  of 
strength  from  punching  was  7  per  cent.,  and  the  gain  of  annealed 
over  unannealed  was  14  per  cent.  Annealing  was  also  recom- 
mended to  equalize  the  strength  of  steel,  as  in  a  batch  of  plates 
sent  in  by  the  same  manufacturer  the  plates  sometimes  greatly 
difier,  and  a  bath  of  molten  lead  was  recommended  as  a  cheap  and 
certain  mode  of  annealing.    It  was  also  stated  that  enlarging  the 
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die  when  punching  steel,  so  as  to  ^ve  the  die  a  large  clearance,  as 
mnch  as  -^^th  inch,  round  the  punch  and  make  a  taper  hole,  gave 
a  great  advantage  with  Bessemer  steel,  amounting  to  25  per  cent., 
but  in  experiments  on  iron  plates  it  was  found  that  a  greater 
clearance  than  the  usual  one  of  -j^th  inch  rather  injured  the  iron. 
Mr.  Krupp  says  with  regard  to  the  treatment  of  cold  cast-steel 
boiler  plates: — "In  working  the  plates  cold,  all  sharp  turns, 
comers,  and  edges  must  be  avoided  or  removed.  The  surfaces  of 
cuts  and  rivet-holes  must,  before  bending  and  riveting,  be  worked 
and  rounded  off  as  neatly  as  possible,  so  that  no  rough  and  serrated 
places  remain  after  cutting  and  punching."  He  also  recommends 
as  a  general  rule  that  the  plates  should  be  thoroughly  and  equally 
annealed  at  a  dark-red  heat  after  every  large  operation,  and  that 
they  should  certainly  have  such  annealing  at  the  conclusion  of  all 
operations.  The  directions  given  by  him  as  to  bending  hot  are 
as  f  oUows : — "  The  plates  should  be  heated,  preparatory  to  bend- 
ing, to  a  heat  not  exceeding  a  bright  cherry-red.  Also  the  greatest 
possible  portion  of  the  surface  should  be  heated,  and  not  merely 
the  edge,  and  even,  where  practicable,  the  whole  plate  should  be 
equally  heated.  By  this  means  the  strains  which  arise  from  local 
heating  and  cooling,  and  which  are  much  greater  in  cast-steel 
plates,  on  account  of  their  higher  absolute  and  reflex  density,  than 
in  iron,  are,  by  the  general  heating  of  the  plate,  more  equably 
distributed.  The  thickest  and  toughest  plates  can  be  broken  by 
local  heating,  bending  and  cooling.  Bends  which  cannot  be  com- 
pleted in  one,  or  at  most  in  two  consecutive  heatings,  must  be 
made  gradually  and  equably  over  the  whole  extent  to  be  operated 
on."  In  bending,  for  example,  to  an  angle  of  90°,  the  whole 
plate  should  first  be  bent  through  about  one-third  of  the  angle, 
then  through  another  third,  and  finally  to  the  complete  angle : — 
"  After  the  whole  of  these  operations,  the  plate  is  to  be  equably 
annealed  at  a  dark-red  heat,  which  will  thus  equalize  the  strains 
caused  by  the  previous  working."*  For  the  safe  working-strain  of 
steel  see  Chap.  XXVIII. 

*  Beed  on  SkipfmUdmg. 


CHAP.  XYl.]      TENSILE  STRENGTH   OF  MATERIALS. 


319 


STEEL  WIRE. 

861.  Tensile  mtren^h  of  steel  wire. — ^In  experiments  made 
for  the  Atlantic  Telegraph  the  strength  of  steel  wire  '095  inch 
diameter  was  1950  lbs.,  while  that  of  special  charcoal  wire  of  the 
same  size  was  750  lbs.* 


VARIOUS  METALS  AND  ALLOTS. 

868.  Tensile  strenirtli  of  Tarions  metals  and  alloys* — The 

following  table  contains  the  tensile  strength  of  various  metals  and 
alloys  by  several  experimenters. 

TABLE  .XVII. — ^Tknsile  Strbnoth  of  Visions  Mitilb  and  Allots. 


Description  of  MetaL 


Specific 
gravity. 


Initials  of 
Experi- 
menters. 


Alnminivm  Bronze, 
Braas,  Fine  Yellow  Cast, 

Do.,  Wire,         .  .  .  - 

Copper,  Wrought,  reduced  per  hammer,  - 

Do.,  do.,  in  bolts. 

Do.,      Cast,      .... 

Do.,      do..  Lake  Superior, 

Do.,      Sheet,    .  .  .  . 

Do.,      Wire,  not  annealed, 

Do.,      do.,  Minealfld,    ... 
Ghm  Metal  or  Bronze,  hard, 

Do.,  mean  of  83  gun-heads, 

Do.,  mean  of  5  breech-squares, 

Do.,  mean  of  82  small  bars  cast  in  same 
moulds  with  guns. 

Do,  maU ban «urt    (S«>"°»'>M^ 
separately  in 


day  do., 


Do.,  in  finished  guns. 


_^ 

Rk. 

— 

R. 

D. 

— 

R. 

— 

K. 

— 

R. 

8,672 

W. 

— 

N. 

8,741 

M.  D. 

8,741 

M.  D. 

— 

R. 

8,523 

W. 

8,765 

W. 

8,584 

W. 

8,953 

W. 

8,313 

W. 

• 

w.{ 

Tearing  weight 

per 

square  inch. 


lbs. 
73,000 

17,968 

91,325 

38,792 

47,986 

19,072 

24,252 

30,016 

77,504 

32,144 

36,368 

29,655 

46,509 

42,019 

37,688 

25,788 

23,108 
to  52,192 


tons. 
=  32-59 

=   8-02 

=  4077 

=  16-08 

=  21-40 

=    8-51 

=  10-82 

=  13-4 

=  34-6 

=  14-35 

=  16-23 

=  13-24 

=  20-76 

=  18-76 

=  16-82 

=  11-51 

_  10-3  to 
-23-3 


*  Fairbaim's  Utetfid  Ii^ormaHon  for  Engineen,  third  series,  p.  282. 
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TABLE  XVH.— Tbnsilb  Stbbvgth  of  Vabioub  Mbtalb  ans  Allots— <xm<t»ii«L 


DeKiiption  of  MetaL 


Spedfle 
gravity. 


Initials  of 
Experl- 
xnoDtera. 


Tearing  weight 

per 

square  inch. 


Yellow  Metal,  Patent,     - 

Lead,  Cast,  .... 

Do^    Sheet>      -  -  -  . 

Soft  Solder,  2  ports  tin  to  1  lead  by  weight, 

Tin,  Oast,  .  .  .  . 

Do.,    Banco,     -  -  -  - 

Do.,        ..... 

Zinc,  Cast^  .... 


_ 

K. 

R. 

— 

N. 

— 

Rk. 

— 

R. 

7,297 

W. 

— 

M.  D. 

— 

S. 

Ibe. 
49,185 

1,824 

1,926 

7,600 

4,736 

2,122 

2,845 

2,998 


tons 
21-9 

0-81 

0-86 

835 

2-11 

0-95 

1-27 

1-336 


D.  Dufonr,  Application  de  la  MScatUque,  Navier.    BnuBelB,  1839,  p.  35. 

M.  D.  Minard  et  DesonneB,  idem,  pp.  34,  36. 

N.   Navier,  idenif  p.  36. 

K.  Kingston,  Barlow  on  the  Strength  ofMeUeriaUf  p.  211. 

R.  Rennie,  PhUoeophieal  TranBoctionafor  1818,  p.  126. 

Rk.  Rankine's  Machinery,  p.  464. 

S.  Stoney. 

W.  Wade,  Beports  on  Metaltfor  Cannon,  pp.  281,  288,  289,  290,  295. 


868.  Crun-metal  or  bronse — Migh.  temperature  at  eastiMi^ 
liOorlous  to  bronoe. — The  proportion  of  tin  to  copper  in  the 
hronze  gun-metal  on  which  Major  Wade  experimented  was  1  to  8, 
and  the  great  diversity  in  its  tenacity  seems  attributable  to  defective 
homogeneity  in  the  alloy,  some  parts  containing  more  tin  than  others, 
and  consequently  having  a  smaller  tenacity.  A  high  temperature 
at  casting  is  injurious  to  the  quality  of  bronze,  as  it  seems  to 
facilitate  the  separation  of  the  metals,  and  small  bars  are  stronger 
than  large  castings,  probably  because  the  former  solidify  more 
suddenly  and  are  thereby  not  allowed  a  sufficient  time  for  a  division 
of  the  alloy  into  separate  compounds.  Bronze  guns  are  cast  on 
end  in  flask  moulds,  with  the  breech  downwards,  and  a  large  extra 
head  of  metal  above  the  muzzle  to  ensure  sufficient  liquid  pressure. 
Breech-squares,  being  at  the  bottom  of  the  moulds,  are  subject  to 
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a  much  higher  pressnre  than  the  gun-heads  which  are  at  the  top, 
and  they  are  consequently  hoth  stronger  and  denser  than  the  latter. 
The  small  bars  cast  in  the  gun  mould  are  stronger  than  those  cast 
separately,  probably  in  consequence  of  their  being  under  greater 
pressure,  and  because  they  were  fed,  as  they  solidified,  from  the 
mass  of  the  gun  with  which  they  communicated.  Major  Wade 
also  attributes  their  superiority  to  the  annealing  process  they 
underwent  after  solidification,  from  the  proximity  of  the  large 
mass  of  the  gun.* 

•64.  AUoym  of  copper  and  tin. — The  following  table  contains 
the  results  of  experiments  made  by  Robert  Mallet,  Esq.,  F.R.S., 
on  the  physical  properties  of  certain  alloys  of  copper  and  tin.f 

TABLE  XYIIL—PHTnoAL  Pbofkbtub  or  Allots  of  Coppbb  akb  Tiir. 


OOPPEB    AND    TIN. 


Chemical 
Conatittttloo. 


Compoaltloii  hj 
weight  per  cent. 


Spedflc 
gnrltj. 


Tearing 

weight 

peraqnare 

inch. 


CommereUl  Tltlcw 


10  Cu  +  Sn 
9  Cu  +  Sn 
SCu  +  Sn 
7Cu  +  Sn 

Cu  +  Sn 
Cn  +  SSn 
Sn 


84-29  + 15-71 

8-561 

tons. 
16-1 

82-81  + 17-19 

8-462 

15-2 

81-10  + 18-90 

8-459 

17-7 

78-97  +  21-08 

8-728 

13-6 

84-92  +  65-08 

8-056 

1-4 

16-17  +  84-88 

7-447 

8-1 

0  +  100 

7-291 

2-5 

Gun  MetaL 

Gun  MetaL 

Gun  Metal,  tempera  best. 

Hard  MiU  Bnmea,  ftc. 

SmaU  bells,  brittle. 

Speculum  Metal  of  Authors. 

Tin. 


Nom— "  ^e  ultimate  oohesion  was  determined  on  prisms  of  0*25  of  an  inch  square, 
without  haying  been  hammered  or  compressed  after  being  cast  The  weights  giyen 
are  thoto  which  each  prism  just  sustained  for  a  few  seconds  before  rupture." 

TIMBEB. 

S65.  TensUe  streiiffth  of  tinibcr. — The  following  table  con- 
tains the  results  of  experiments  by  yarious  authorities  on  the 

*  Report  on  MetaUfor  Cannon,  pp.  296,  299. 
f  On  the  OomtmOion  ofArtilUry,  p.  82. 
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tensile  strength  of  timber  drawn  in  tlie  direction  of  the  fibres. 
For  the  safe  working-strain  see  Chap.  XXYIII* 

TABLE  XIX.— TiNraLB  Stbinoth  or  Tihbxb  Lingthwatb. 


• 

Deacrlptlon  of  Wood. 

TeMlng  welglit 

per 

sqaareinch. 

Aathorttj. 

9ys. 

• 

Alder,          -            .            -            -            - 

18,900 

MuBchenbroeck. 

Applet 

19,500 

Bevan. 

Aflh, 

16,700 

Do. 

Do.          -           -           -           -           - 

•  17,000 

Barlow. 

Bflochi          ..... 

11,600 

Do. 

Do.           -           -           -           -           - 

17,800 

Muacfaenlnoeck. 

Do.          -            -           -            -            - 

22,000 

Bevan. 

Biich, 

15,000 

Do. 

Box,             ..... 

20,000 

Barlow. 

Cane,           .            .            -            -            - 

6,800  ' 

Bevan. 

Cedar,          ..... 

11,400 

Do. 

Chesnut,  Spanish,    .           .           -            . 

18,800 

Bondelet. 

Do. 

10,500 

Bevan. 

Do.,      Horse,      .            .            -            - 

12,100 

Do. 

Cypren,       -           -           -            -           . 

6,000 

Mnschenbroeck. 

Deal,  Chriatiaxus      .... 

12,900 

Bevan. 

Elder,          ..... 

10,000 

Muflchenbroeck. 

Elm,             ..... 

14,400 

Bevan. 

Fir, 

12,000 

Barlow. 

Hawthorn,  -            .            -            -            - 

10,000 

Bevan. 

Holly,          ..... 

16,000 

Da 

Jugeb,         ..... 

18,500 

Muschenbroeok. 

Labnmnm,  ..... 

10,500 

Bevan. 

LanoeWood,           .... 

28,400 

Do. 

Larch,          -            -            •            - 

10,220 

Bondelet. 
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TABLE  XIX.— TiNSiLi  Stbingth  of  Tdcbeb  LnoTHWATS— ^ontrntied. 


Description  of  Wood. 


Taulng  weight 

per 

•qnare  inch. 


Larch, 
Lemon, 
Lignum  Yite, 
LocuBt-tree, 
Mahogany,  - 

Do. 
Maple^ 
Mulberry,    - 

Do. 
Oa]c,  English, 

Do.,    do. 

Do.,  Prenchf 

Do.,  Black  Bog,  - 
Orange, 
Pear, 
Pine,  Pitch, 

Do.,   Norway, 

Do.,       do. 

Do.,    Peterflburg, 
Plane, 
Plum, 

Pomegranite, 
Poplar, 

Do. 
Quince, 
Sycamore,    • 
Tamarind,    - 


Anthoritj. 


lbs. 
8,900 

9,250 
11,800 
20,100 

8,000 
16,500  to  21,800 
17,400 
10,600 
12,500 
10,000 
14,000  to  19,800 
13,950 

7,700 
15,600 

9,800 

7,650 
14,800 

7,287 
13,800 
11,700 
11,800 

9,750 

5,500 

7,200 

6,750 
18»000 

8,750 


Bevan. 

Muachenbroedc 

Bevan. 

Muachenbroeok. 

Barlow. 

Bevan. 

Do. 

Da 
MuBchenbroeck. 
Barlow. 
Bevan. 
Rondelet. 
Bevan. 

MuBchenbroeck. 
Barlow. 

MuBchenbroeck. 
Bevan. 
Rondelet. 
Bevan. 

Do. 
MuBchenbroeck. 

Do. 

Do. 
Bevan. 

MuBchenbroeck. 
Bevan. 
MuBchenbroeck. 
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TABLE  XIX.— TxHULi  Stbeztoth  or  Timbib  Lenothwatb— eosOtntced. 

Deacription  of  Wood. 

TMrlng  weight 

per 

sqiukre  Inch. 

lbs. 

Teak,           .            .            -            -            . 

15,000 

Barlow. 

Do.,  old,  ----- 

8,200 

Beiran. 

Walnut,       ...            -            - 

8,130 

Mnachenbroeck. 

Do.          ....           . 

7,800 

Bevan. 

Willpw, 

14,000 

Bo. 

Yew, 

8,000 

Do. 

Barlow,  Barlow  an  the  Strength  of  MateriaU,  p.  23. 

Muschenbroeck,  idem,  p.  4. 

BevBo,  PhOoiophical  Magazine,  1826,  Vol.  Izvia,  pp.  270,  848. 

Bondelet,  TredgoLdCi  Carpentry,  4th  edition,  p.  41. 

Comparing  the  foregoing  table  with  Table  YI.  (SOO),  we  see 
that  the  tensile  strength  of  most  kinds  of  wood  is  much  greater 
than  their  compressive  strength. 

866.  liateral  adhesion  of  the  lllires. — The  following  table 
gives  the  lateral  adhesion  of  the  fibres,  that  is,  the  teiisile  strength 
of  timber  across  the  grain,  in  which  direction  it  is  much  weaker 
than  lengthways. 

TABLE  XX.— Tbitbili  Stbbngth  of  Tiubbb  CBOSfiWATS. 


DeKription  of  Wood. 

Tearing  weight 

per 

•qvarelnch. 

Antborltj. 

Fir,  Memel,        .     • 

Do.,  Scotch,           .... 
Larch,          ..... 

Oak, 

Poplar,         -            -            -            .            . 

IbB. 
540  to  840 

562 

070  to  1,700 

2,316 

1,782 

Bevan. 

Do. 
Tredgold. 

Da 

Do. 

Bevan,  Philoeophical  Magazine,  1826,  Vol.  Ixviii.,  p.  112. 
Tredgold,  TredgokTt  Cktrpentry,  p.  42. 
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STONE,  BRICK,  MORTAR,  CEMENT,  GLASS. 

S69«  Tensile  strenyth  of  stone. — ^As  stone  is  rarely  employed 
in  direct  tension,  there  are  bat  few  experiments  on  its  tensile 
strength,  and  it  would  be  desirable  to  have  these  corroborated. 

TABLE  XXL— TiHsnii  Sturoth  ov  Stoni. 


NuneoflCiaeriaL 


Tetiing  wd^t 

per 

■qnanineh. 


Authorltr. 


Arbroath  Pavemflnt, 
CaitlmeBS        do. 


Craigleith  Stone, 
HaUes, 
Hiimbie^     - 
Bumie^ 
Bedhall,     - 
WMostone, 
Marble,  White, 
Bo.,       do. 


Ibe. 
1,261 

1,054 
458 
880 
288 
279 
826 

1,469 
722 
551 


BuohanaiL 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Da 
Hodgldnson. 


Bachanan,  Practical  Meckamici  Journal^  Vol  L,  pp.  287,  285. 
HodgkiiiBoii,  TrtdgcUd  on  tkt  Strength  of  Cad-iron,  p.  287. 
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868.    Tensile   strenyth   of  Plaster  of  Paris  and  liime 
mortar. — 

TABLE  XXII.— TcNBiLB  SrsBNaTH  or  Plabtkb  of  Pabu  and  Limi  Mobtab. 


Nome  of  HateilaL 


Tearing  weight 

per 

■qnareinch. 


Aothorltjr. 


Plaster  of  Paris,       -  -  -  -  - 

Mortar  of  Qnartzose  Sand  and  eminently  Hydrsolic 
liune,  wdl  made,  ----- 

Mortar  of  Quartzose  Sand  and  ordinary  Hydraulic 
Lime,  well  made,  -  -  -  -  - 

Mortar  of  Quartzoee  Sand  and  ordinary  Lime,  well 
made,         ------ 

Mortar  badly  made,  .  .  .  - 


lbs. 
71 


136 

86 

51 
21 


Bondelet 

Vicat. 

Do. 

Do. 
Do. 


Bondelet,  Navier*8  Application  de  la  Mioanique,  p.  18. 
Vicat,  idem. 


860.  TensUe  strenirtli  of  Portland  eement  and  eement 
mortar — Oriranie  matter  or  loani  very  i^Jorions  to  eement 

mortar. — The  following  tables  showing  the  tensile  strength  of 
cements  and  cement  mortar  are  taken  from  Mr.  Grant's  valuable 
papers  on  the  Strength  of  Cement  in  the  Proceedings  of  the  Insti- 
tution of  Civil  Engineers,  Vols.  xxv.  and  xxxii.  Proof  samples  of 
cement  are  generally  made  into  ^HiC-shaped  bricks  with  rounded 
shoulders  and  1^  inches  square,  =:  2*25  square  inches  area,  at  the 
waist;  these  are  immersed  in  water  as  soon  as  the  cement  sets, 
and  they  remain  immersed  till  the  time  of  testing. 

Artificial  Portland  cement  is  made  of  chalk  and  clay  in  certain 
definite  proportions,  carefully  mixed  together  in  water.  The 
mixture  is  then  run  off  into  reservoirs  where  it  settles,  and,  after 
attaining  sufficient  consistency  to  handle,  it  is  artificially  dried 
and  calcined  in  kilns  at  a  high  temperature,  the  calcination  being 
carried  to  the  verge  of  vitrification.  The  calcined  cement  is 
ground  in  the  ordinary  way  between  millstones,  and  for  the  sake  of 
economy  its  fineness  should  be  such  that  not  more  than  10  percent. 
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is  stopped  by  a  sieve  the  meshes  of  which  are  3^th  of  an  inch  in 
diameter,  for  the  coarser  particles  act  to  a  great  degree  like  inert 
grains  of  sand  and  consequently  reduce  the  value  of  the  cement. 


TABLE  XZIIl— MsTBOPOUTAN  Maiit  Dbaivagb— Portland  Cskbnt, 

Skvbv  Day  Ts8T6»  fxom  1866  to  1871. 


Names  of  Manufaetiiren  ud  Agenta. 

Quantity 

in 
boBhelaL 

Avenge 
weight  per 

Number 

of 

testa. 

Average  breaking 

weight 

on  areas  3'8fi  square 

inehei. 

lbs. 

lbs. 

Fomby,   -           -           -           - 

81,581 

118-27 

550 

862-01 

Bootii,       .... 

12,464 

11975 

80 

846-50 

Tjee  aad  Co., 

512 

120-00 

10 

88900 

Borhun  Brick  and  Cement  Com- 
pany,    -           -           -           - 

820,716 

113-54 

8,705 

825-73 

Caaaon  and  Co.,  Agents,  - 

5,200 

114-50 

50 

816-80 

Knight,  Bevan,  and  Stuige, 

19,429 

114-52 

820 

803-38^ 

Bobins  and  Co.  (Limited), 

68,880 

118-00 

620 

795-31 

White  and  Co.,     - 

60 

119-00 

10 

791-70 

Surge  and  Co.,  Agents,    - 

4,500 

118-00 

80 

789-80 

Hilton,      - 

103,458 

117-17 

1,800 

786-99 

Beaumont,  Agent, 

40 

11600 

10 

76500 

Layers^  Agents     - 

12,002 

11617 

160 

706-97 

Weston,    -           -           .           - 

600 

12000 

10 

666-40 

Young  and  Son,  Agents, 

200 

117-00 

10 

655-80 

Coles  and  Shadbolt, 

240 

107-00 

10 

580-00 

Tingey,     .... 

6,800 

115-50 

100 

564-27 

Harwood  and  Hatcher,  Agents,   - 
Generally, 

8,040 

117-78 

80 

408-03 

589,217 

115-23 

7,506 

806-63  =  358-5 
per  square  inch. 

NoTB — 1  cubic  foot  =  -779  bushels. 

1  bushel  =  1-283  cubic  feet 
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TABLE  XXIY.— BesultB  of  Experiments  with  Portlaiid  Cement,  wdghing  112  lbs. 
per  bushel,  mixed  with  different  proportions  of  Sand,  showing  the  breaking  Weight 
on  a  sectional  area  of  2*25  square  inches. 


1  Month. 


6  Weekly 


2  Months. 


6  Months. 


IS  Months. 


Proportion  of 
sand  to  cement. 


lbs. 
306-0 


408-5 


Broke  wind 
ingup. 


ind- 1 


1S3-5 
159-0 
103-0 


lbs. 

lbs. 

lbs. 

lbs. 

S83-0 

407-5 

505-5 

541-0 

897-5 

411-0 

479-0 

554-5 

246-0 

269-5 

439-0 

482-0 

189-5 

221-0 

278-0 

819-0 

186-0 

215-0 

280-5 

868-0 

148-0 

140-5 

282-5 

852-5 

8tol 
4tol 

5tol 

etol 
7tol 
8tol 


Organic  matter  or  loam  in  the  sand  are  very  detrimental  to 
the  strength  of  cement  mortar,  and  clean  sharp  sand,  quite  free 
from  argillaceous  matter,  will  give  the  best  result.  Portland  cement 
bears  a  much  greater  proportion  of  coarse  than  of  fine  sand,  and 
cement  mortar  should  be  mixed  rapidly  and  not  be  triturated  under 
edge  stones,  as  is  a  common  practice  with  lime  mortar.  It  is  also 
very  essential  that  bricks  or  porous  stone,  which  are  to  be  set  in 
cement,  should  be  previously  well  soaked  in  water,  as  dry  materials 
absorb  moisture  from  the  mortar  and  prevent  it  from  setting 
properly.  ^ 
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TABLE  XXV.— Results  of  Experiments  with  Portland  Cement  weighing  12SIb8.  to 
the  imperial  bushel^  ganged  neat,  and  with  an  eqoal  proportion  of  dean  Thames 
Sand.  The  whole  of  the  spechnens  were  kept  in  water  from  the  time  of  their 
being  made  till  the  time  of  testing. 


A«e. 

On  area  =  2*35  iqnare  indiM. 

Neat  Cement 

1  of  Cement  to 
1  of  Sand. 

ATerage  breaking 

teat  of  10 

ezperimentfli 

Arenge  breaking 

test  of  10 

ezperlmento. 

lbs. 

lbs. 

7  Days 

8171 

858-2 

1  Month     - 

935-8 

452-5 

8  Months    • 

1055-9 

547-5 

6    Ditto     . 

1176-e 

640-8 

9    Ditto     . 

1219-5 

692-4 

12    Ditto     . 

1229-7 

716-6 

2  Years      - 

1824*9 

790-8 

8  Ditto      - 

1814-4 

784-7 

4  Ditto      . 

1812-6 

818-1 

5  Ditto      - 

1806-0 

821-0 

6  Ditto 

1808-0 

819*5 

7  Ditto      - 

1827-8 

868-6 
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TABLE  XXYL— Sonthem  Outfall  Works,  Croasneea.  Stunmaiy  of  PortUnd 
Cement  Tests,  from  1862  to  1866,  showing  generally  increase  of  strength  with 
increased  specific  gravity. 


Namberof 

Ayerage 

weight 

per 
bnaheL 

Tearing  weight 
on 

area  =  8-36 
square  inches; 

7  dajs  old. 

Number  of 

Ayerage 
weight 

per 
boBheL 

Tearing  weight 
on 

area  =  9-?6 
square  inches ; 

7  days  old. 

lbs. 

lbs. 

lbs. 

lbs. 

1,800 

106 

472-6 

12,500 

119 

777-9 

5,800 

107 

592-8 

18,630 

120 

782-3 

26,166 

108 

6501 

15,144 

121 

705-6 

87,086 

109 

646-6 

5,000- 

122 

716-6 

20,820 

110 

708-8 

5,428 

128 

673-6 

6,900 

111 

698-8 

18,400 

124 

819-9 

18,812 

112 

687-5 

5,400 

125 

816-2 

10,610 

lis 

•  701-6 

1,800 

126 

657-2 

24,224 

114 

699-7 

1,800 

127 

864-6 

16,240 

116 

705-5 

8,600 

128 

916-6 

27,400 

116 

768-8 

1,820 

129 

920-2 

26,800 

117 

718-4 

1,800 

130 

913-9 

23,806 

118 

644-1 

870.  Tensile  streni^h  of  Roman  eement — Matoral  eemenis 
l^nerally  Inferior  to  the  artlllelal  Portland. — The  following 
tables  contain  the  results  of  Mr.  Grant's  experiments  on  the  tensile 
8tren<J:th  of  Roman  cement.  This  cement  is  much  weaker  than 
Portland,  and  inferior  qualities  are  apt  to  vegetate  and  crumble 
away,  especially  if  mixed  with  loamy  sand.  Soman  cement  is  a 
natural  cement,  derived  from  argillo-calcareous,  kidney-shaped 
stones,  called  *'  Septaria,'*  belonging  to  the  Kimmeridge  and  London 
clay,  generally  gathered  on  the  sea-shore  near  the  mouth  of  the 
Thames,  though  sometimes  dug  out  of  the  ground.  Natural 
cements  are  found  in  various  places  at  home  and  abroad  and,  though 
generally  inferior  in  strength  to  artificial  Portland,  are  very  useful 
in  their  way. 
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TABLE  XXVIL — ^Results  of  ExperimentB  with  neat  BonLan  Cement,  manufaotored 

hy  Meeffs.  J.  B.  Warn  and  Bbothibs. 


Time  kept  immened 
In  water. 

On  Axea  —  8'U  aqnare  Inches. 

bremUng 
test. 

Mexlmnm 

breaking 

teft. 

Average 
breaking 

lbs. 

ttw. 

lbs. 

7  Daye 

170 

240 

202-0 

14  Ditto       . 

160 

190 

178-0 

21  IHtto 

170 

205 

186-5 

1  Month     . 

246 

291 

260-8 

8  Months    • 

807 

844 

822-5 

a  Ditto 

442 

502 

472-7 

9  Ditto 

818 

520 

471-1 

12  Ditto       . 

596 

680 

643-1 

2  Yean      - 

677 

610 

5463 

3  Ditto 

522 

647 

608-8 

4  Ditto 

600 

658 

682*2 

5  Ditto 

582 

662 

627-4 

6  Ditto 

603 

711 

666-4 

7  Ditto 

646 

780 

708-7 

M(i|P  NnJW  ^^^^9a,^9««ATEBIALfi.      [chap. 


>1    I 


I* 


1 


mrS^i 


.gs^r:^:  :^:  ijj:  ijj:  ijj:  .5.  .5.  .5. 
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8Y1*  Tensile  Btreaytli  of  Keeae's^  Parkui^  and  Medina 
eements. — The  following  tables  contain  the  results  of  Mr.  6rant*s 
experiments  on  the  tensile  strength  of  Eeene's,  Parian  and  Medina 
cements.  The  two  former  are  chiefly  used  for  internal  decoration. 
Keene's  cement  is  made  by  soaking  plaster  of  Paris  in  alum  water, 
then  re-burning  and  grinding  it ;  Parian  cement  is  made  by  mixing 
gypsum  with  borax  in  powder,  then  calcining  the  mixture  and 
grinding  it.  Medina  is  a  natural  cement  with  rather  more  lime 
than  Boman  cement,  and  is  inferior  in  strength  to  Portland  cement, 
which,  as  already  stated,  is  an  artificial  mixture  of  chalk  and  clay. 
Quick-setting  Medina  is  useful  for  pointing  the  joints  of  marine 
masonry  which  have  been  set  in  Portland  cement.  Jt  hardens 
rapidly  and  prevents  the  rising  tide  from  washing  the  slower 
setting  Portland  out  of  the  joints  before  it  has  had  time  to  harden 
sufficiently  to  resist  the  action  of  water  in  motion. 

TABLE  y^TT — ^BesoltB  of  120  Ezperiments  with  Eeene*8  Cement,  maxrafaotured  by 
Messrs  J.  B.  Wain  and  Bbothibs  ;  and  Parian  Cement,  mannfactaied  by  Messrs. 
Fbahois  and  SoNB. 


Ageandtfane 
immenad  In  water. 

Arenge  breaking  test  on  area  —  2-95  aqoare  IncbaiL 

Keene's  Cement 

Parian  Cement. 

In  water. 

Oat  of  water. 

In  water. 

Oat  of  water. 

lbs. 

fte: 

lbs. 

Iha. 

7  Days  - 

543-9 

546-0 

595-1 

642-8 

14  Ditto  - 

486-9 

585-8 

600-8 

671-2 

21  Ditto  - 

508-0 

579-4 

548-4 

696-6 

1  Month 

490-2 

584-2 

5448 

746-7 

2  Months 

454-7 

648-4 

500-7 

725-6 

8  Ditto  - 

508-8 

720-5 

521-1 

8587 

334 


TENSILB  STBENGTH  OF  MATERIALS.         [CHAP.  XVI. 


TABLE  XXX.— BesultB  of  100  Ezperiments  with  Medina  Cemeat,  mAniifactixred  by 

MesBn.  FRAHOifl^  BsoTHEBfl^  1864. 


Age  and  time  Immened 
In  water. 


On  area^  3*85  aqnare  Inches. 


Minimum 

breaking 

test. 


Mailmnm 

breaking 

test. 


Average 

breaking 

test. 


7  Days 

ditto  (2nd  Series) 
14  Days 
21  ditto 

1  Montii 

8  Months 
6  ditto 

9  ditto 
12  ditto 

2  Yean 
8  ditto 

4  ditto 

5  ditto 

6  ditto 

7  ditto 


lbs. 

lbs. 

83 

100 

195 

285 

238 

885 

274 

882 

210 

846 

420 

468 

876 

488 

438 

607 

456 

527 

285 

828 

200 

842 

286 

480 

245* 

895 

809 

475 

885 

440 

lbs. 

921 
211-0 
808*4 
298-0 
806-0 
448*8 
412-4 
457-2 
476-9 
276-0 
275-5 
287-8 
807-0 
865-0 
877-5 


Sn.  Adbeslon  of  Plaster  of  Paris  and  Hortar  to  brick  or 
stone. — ^Bondelet  states  that  the  adhesive  strength  of  plaster  of 
Paris  to  brick  or  stone  is  about  two-thirds  of  its  tensile  strength, 
and  that  its  adhesion  is  greater  for  millstone  and  brick  than  for 
limestone,  and  diminishes  greatly  with  time ;  he  also  states  that 
the  adhesion  of  lime  mortar  to  stone  or  brick  exceeds  its  tensile 
strength  and  increases  with  time.* 

The  foUovmig  table  gives  the  results  of  experiments  by  Mr. 
Grant  on  the  tensile  strain  required  to  separate  bricks  cemented 
together  in  blocks  of  4,  one  on  top  of  the  other,  with  Portland 
cement  and  lime  mortars,  at  the  end  of  12  months,  f 

*  Navier,  AppUcaHon  de  la  Micanigue,  p.  18.  t  Proc  Intt.  C,  E,,  YoL 
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"The  pressed  gault  bricks  show  the  lowest  amount  of  ad- 
heisiveness ;  partly  because  of  their  smooth  surface,  and  partly 
because  in  making  them  some  oily  matter  is  used  for  lubricating 
the  dies  of  the  press  through  which  they  are  passed  before  being 
burnt.  In  the  case  of  the  perforated  gault  bricks  the  cement- 
mortar  seems  to  act  as  dowels,  and  the  results  are  consequently 
high.  The  Suffolk  and  the  Fareham  red  bricks,  which  each 
absorb  about  a  pound  of  water  per  brick,  adhere  much  better 
than  the  Staffordshire,  which  are  not  absorbent.  This  shows  the 
importance  of  thoroughly  soaking  bricks  which  are  to  be  put 
together  with  cement,  as  dry  bricks  deprive  the  cement-mortar  of 
the  moisture  which  is  necessary  for  its  setting."  Mr.  Robertson 
found  that  the  adhesion  of  first-class  hydraulic  mortar,  made  of 
blue  Lias  lime  and  ground  in  mortar  pans  for  forty  minutes, 
to  blue  vitrified  Staffordshire  bricks,  not  too  highly  glazed,  was 
40ifos.  per  square  inch,  after  six  months;  while  to  the  hardest 
grey-stocks,  although  watered,  as  in  practice,  the  adhesion  was  only 
36  ft)S.,  or  10  per  cent.  less.  To  soft  "  place"  bricks,  the  adhesion 
was  only  18  ibs.,  or  55  per  cent,  less  than  to  blue  bricks.* 

sn*  iSrant's  eonclaslODs, — The  following  conclusions  are  the 
result  of  Mr.  Grant's  numerous  experiments  on  cement  during  the 
execution  of  the  Southern  Metropolitan  Main  Drainage  Works: — 

1.  Portland  cement,  if  it  be  preBerved  from  moisture,  does  not»  like  Romui  cement, 
lose  its  strength  by  being  kept  in  casks,  or  sacks,  but  rather  improTes  by  age ;  a  great 
advantage  in  the  case  of  cement  which  has  to  be  exported. 

2.  The  longer  it  is  in  setting,  the  more  its  strength  increases. 

8.  Cement  mixed  with  an  equal  quantity  of  sand  is  at  the  end  of  a  year  approximately 
three-fourths  of  the  strength  of  neat  cement. 

4.  Mixed  with  two  parts  of  sand,  it  is  half  the  strength  of  neat  cement. 

5.  With  three  parts  of  sand,  the  strength  is  a  third  of  neat  cement. 

6.  With  four  parts  of  sand,  the  strength  is  a  fourth  of  neat  cement. 

7.  With  five  parts  of  sand,  the  strength  is  about  a  sixth  of  neat  cement. 

8.  The  cleaner  and  ahaiper  the  sand,  the  greater  the  strength. 

9.  Yeiy  strong  Portland  cement  is  heavy,  of  a  blue-grey  colour,  and  sets  slowly. 
Quick  setting  cement  has,  generally,  too  large  a  proportion  of  day  in  its  composition, 
is  brownish  in  colour,  and  turns  out  weak,  if  not  useless. 

10.  The  stiffer  the  cement  is  gauged,  that  is,  the  less  the  amount  of  water  used  in 
working  it  up,  the  better. 

•  Proe,  InH,  C.  E,,  Vol  xva,  p.  420. 
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11.  It  is  of  the  greatest  importaiice,  that  the  bricks,  or  stone,  with  which  Portland 
cement  is  used,  should  be  thoroughly  soaked  with  water.  If  under  water,  in  a  quiescent 
state,  the  cement  will  be  stronger  than  out  of  water. 

12.  Blocks  of  brick-work,  or  concrete,  made  with  Portland  cement,  if  kept  under 
water  till  required  for  use,  would  be  much  stronger  than  if  kept  dry. 

13.  Salt  water  is  as  good  for  mixing  with  Portland  cement  as  fresh  water. 

14.  Bricks  made  with  neat  Portland  cement  are  as  strong  at  from  six  to  nine  months 
as  the  best  quality  of  Staffordshire  blue  brick,  or  similar  blocks  of  Bramley  Fall  stone, 
or  Yorkshire  landings. 

15.  Bricks  made  of  four  parts  or  five  parts  of  sand  to  one  part  of  Portland  cement 
wiU  bear  a  pressure  equal  to  the  best  picked  stocks. 

16.  Wherever  concrete  is  used  under  water,  care  must  be  taken  that  the  water  is 
stilL  Otherwise,  a  current,  whether  natural  or  caused  by  pumping,  will  carry  away  the 
cement,  and  leave  only  the  dean  baUast. 

17.  Boman  oement,  though  about  two-thirds  the  cost  of  Portland,  is  only  about 
one-third  its  strength,  and  is  therefore  double  the  cost,  measured  by  strength. 

18.  Boman  cement  is  very  ill  adapted  for  being  mixed  with  sand. 

874.  TeM0lle  strength  of  9la»0 — Thin  plates  of  |rlas0 
stronirer  than  stout  bars — Crashing  streni^th  of  tflmtM  Is 
18  times  Its  tensile  strenirth. — 

TABLE  XXXIL— TsNSiLB  Strength  op  Glaeb. 


Description  of  Glass. 

Tearing  weight 
per  square  incb. 

Anthoritjr. 

Glass  Tubes  and  Bods,     - 
Annealed  Flint  GIsss  Bod, 
Common  Green  Glass  Bod, 
White  Crown  Glass  Bod, 

Ibe.       tons. 
8,627  =  1-57 
2,418  =  1-07 
2,896  =  1-29 
2,546  =  1-14 

Navier. 

Pairbaim  and  Tate. 

Do. 

Do. 

4 

Fairbaim  and  Tate,  PhUo90pkioal  Tranaactioru,  1859,  p.  216. 
Navier,  BitunU  du  kfona  8ur  Vapplicatton  de  la  Micanique^  p.  37. 

In  their  experiments  on  the  resistance  of  thin  glass  globes  to 
internal  pressure,  Sir  William  Fairbaim  and  Mr.  Tate  found  that 
the  tenacity  of  glass  in  the  form  of  thin  plates  is  5,000  lbs.  per 
square  inch,  or  about  twice  that  of  glass  in  the  form  of  bars,  on 
which  they  observe : — "  The  tensile  strength  is  much  smaller  in 
the  case  of  glass  fractured  by  a  direct  strain  in  the  form  of  bars, 
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than  when  burst  by  internal  pressure  in  the  form  of  thin  globes. 
This  difference  is,  no  doubt,  mainly  due  to  the  fact  that  thin 
plates  of  this  material  generally  possess  a  higher  tenacity  than 
stout  bars,  which,  under  the  most  favourable  circumstances,  may 
be  but  imperfectly  annealed."  "The  ultimate  resistance  of 
glass  to  a  crushing  force  is  about  12  times  its  resistance  to 
extension"*  (805). 

CORDAGE. 

S95.  Tensile  strength  of  eordair^* — The  following  table 
gives  the  sizes,  weights,  and  strength  of  different  kinds  of  best 
Bower  cables  employed  in  the  British  Navy.f  The  strength  was 
determined  by  the  cludn-testing  machine  in  Woolwich  Dockyard, 
in  which  the  strain  is  measured  by  levers. 

TABLE  XXXIIL— Tbksilk  Stbbngth  of  Bowxb  Oablis. 


Best  Bower  hempen  cables,  100  fathoms. 

Nmnberof 
threads  hi  each. 

Tearing  weight 
by  experiment. 

CircomfereDce. 

Weight. 

Inches. 

Gwt    qrs.     lbs. 

Cwt     qrs.     lbs. 

23 

96        2        27 

2,736 

114        0        0 

22 
21 

89        0        12 
80        0        22 

2,520       ) 
2,268        ) 

89        0        0 

18 

58        2          6 

1,656 

68        0        0 

14} 

88        0        21 

1,080 

40        0        0 

The  next  table  **  shows  the  mean  results  of  300  trials  made  by 
Captain  Huddart.  It  shows  the  relative  strength  or  cohesive 
power  of  each  kind  of  rope,  taking  as  a  standard  of  comparison  -^th 
of  a  circular  inch,  equal  to  an  area  of  '078  or  nearly  ^yth  of  a 
square  inch.  It  shows  that  ropes  formed  by  the  warm  register  are 
stronger  than  those  made  up  with  the  yams  cold;  because  the 
heated  tar  is  more  fluid,  and  penetrates  completely  between  every 
fibre  of  hemp,  and  because  the  heat  drives  off  both  air  and  moisture, 

•  Phil.  Trans.,  1869,  pp.  216,  246. 

t  Barlow  on  the  Strength  of  MateriaUf  p.  260. 
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80  that  every  fibre  is  brought  into  close  contact  by  the  twisting 
and  compression  of  the  strand ;  the  tar  thus  fills  up  every  interstice, 
and  the  rope  becomes  a  firmly  agglutinated  elastic  substance  almost 
impermeable  to  water.  But,  although  rope  so  made  is  both 
stronger  and  more  durable,  it  is  less  pliable,  and  therefore  the  cold 
re^stered  rope  is  more  generally  used  for  crane  work,  where  the 
rope  must  be  wound  round  barrels,  or  passed  through  pulleys.*'* 

TABLE  XXXIV.->Tensilb  Stbenoth  of  Tabbed  Hemp  Hope. 


Size  of 
Ropes. 


Tearing  weight, 
made  by  the  old  method. 


in 

g  9 

o-S. 

S5 


kg* 


II. 
ill 


Tearing  weighty 
made  by  the  register. 


-I 

o  j^ 


$& 


0nU£ 


in. 
8 

84 
4 

^i 
5 

6 

7 

71 
8 


in. 

Ibe. 

XbB. 

Ibfl. 

lbs. 

lbs. 

Ibfl. 

lbs. 

0-95 

'  5,050 

561 

6,080 

670 

7,880 

985 

8,640 

1-11 

6,784 

554 

8,669 

707 

11,165 

911 

11,760 

1-27 

8,768 

548 

10,454 

663 

18,108 

819 

15,360 

1-43 

10,308 

504 

12,440 

614 

16,825 

806 

19,440 

•1-59 

18,250 

580 

15,775 

631 

20,500 

820 

24,000 

1-75 

15,488 

512 

18,604 

614 

24,805 

820 

29,040 

1-91 

18,144 

504 

21,616 

600 

24,520 

820 

88,120 

2-07 

20,583 

486 

23,623 

559 

84,645 

820 

40,554 

2-24 

22,982 

468 

27,342 

558 

40,188 

819 

47,040 

2-89 

24,976 

444 

30,767 

546 

46,125 

820 

54,000 

2-54 

26,880 

421 

32,000 

500 

52,480 

820 

61,480 

IbB. 

960 
906 
960 
960 
960 
960 
920 
959 
960 
960 
960 


Note. — ^ih  of  a  drcular  inch  =  "078,  or  nearly  if^th  of  a  square  inch. 

The  proof-strain  of  rope  which  is  given  in  Table  XXXVII.  is 
about  one-half  its  tearing  weight. 

*  Glynn's  Rudimenta/rff  Treatite  on  the  C<mttruction  of  Oranet  and  Machmerif, 
pp.  93,  94. 
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Sra.  Strenfrtb  and  weli^bt  of  Cordair^^ — ^Eni^lish  role — 
French  rule. — 'By  the  old  ropemakers'  rule  the  square  of  the 
girth  in  inches  multiplied  by  four  gave  the  ultimate  or  breaking 
strength  of  the  rope  in  cwts.,  and  it  was  a  good  rule  for  small 
cordage,  up  to  7  inches  in  girth.  The  square  of  the  girth  divided 
by  four  was  considered  to  represent  the  weight  of  a  fathom  in 
pounds.*  The  old  ropemakers'  rule  for  strength  is  equivalent  to 
2*51  tons  per  square  inch  of  section.  The  French  rule,  as  given 
by  Morin,t  allows  2*79  tons  per  square  inch  for  the  tearing  weight 
of  tarred  hemp  cordage. 

S17.  Working  strain  of  Cordage. — Cordage  rapidly  deterio- 
rates by  use  and  exposure  to  the  weather,  and  when  passed 
round  barrels  or  pulleys  the  outer  strands  are  subject  to  greater 
strains  than  those  next  the  barrel.  For  this  reason,  as  well  as  in 
order  to  diminish  useless  work,  the  diameters  of  pulleys  and  barrels 
should  be  made  as  large  as  practicable.  Experience  alone  can 
estimate  the  proper  allowance  to  be  made  for  wear  and  friction, 
which  latter  is  sometimes  excessive  in  badly  made  blocks,  and  after 
deducting  this  allowance  from  the  original  tearing  strength,  one- 
fourth  of  the  remainder  is  a  sufficient  load  for  continued  strain, 
and  one-third  for  merely  temporary  purposes,  though  workmen 
often  apply  one-half.  A  common  practical  allowance  for  friction 
in  ordinary  tackles  is  one-third  of  the  theoretic  amount;  if,  for 
example,  the  tackle  consists  of  an  upper  and  lower  block  with 
three  pulleys  in  each  block,  there  will  be  6  parts  to  the  rope  and 

W 

the  theoretic  pull  on  each  part  will  =  -^;   the  foregoing  rule, 

1*33W 
however,  makes  the  pull  on  each  part  =  — ^ — ,  and  the  rope 

should  therefore  be  one-third  stronger  than  if  friction  had  not 
existed. 

CHAINS. 

39§.  Stnd-llnk  or  Cable  chain.  —  Close-link  or  Crane 
eUaitt — ^Lonir  open-link  or  Buoy  cliain — ^Sliddle-link  cliain. — 

*  Glynn's  Rudimentary  TreatUe,  p.  92. 
t  lUtUtancedet  MaUrioMX,  p.  41. 
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Stud-link  chain  is  chiefly  used  for  ships*  cables,  and  derives  its 
name  from  the  cast-iron  stud  or  stay  which  is  inserted  across  the 
shorter  diameter  of  each  ov^l  link  to  keep  the  sides  from  closing 
together  under  heavy  strains.  It  also  prevents  the  chain  from 
kinking,  to  which  long  links  without  stays  are  liable.  Short  or 
close-link  chain,  called  also  rigging  or  crane  chain,  is  that  in  common 
land  use.  It  is  well  adapted  for  crane  work  where  flexibility  is 
essential  to  enable  the  chain  to  pass  freely  round  barrels  and 
pulleys.  Long  open-link  chain  without  studs  is  used  for  permanent 
mooring  cables,  where  flexibility  is  a  secondary  object,  and  where 
lightness  is  desirable,  as  in  the  case  of  light-ships  or  beacon  buoys. 
Middle-link  chain  is  occasionally  used ;  its  link  is  intermediate  in 
length  between  those  of  the  close  and  open-link  chains. 

The  standard  proportions  of  the  links  of  the  different  kinds  of 
chain  are  as  follows,  in  terms  of  the  diameter  of  the  bar  of  iron : — 

Extreme  length.  Extreme  width. 

Stud-link,      -      6  diameters.      -      3'6  diameters. 

Close-link,      -      5        do.  -      3*5        do. 

Open-link,     -      6         do.  -      3*5        do. 

Middle-link,  -      5*5     do.  -      3*5        do. 

End-links,      -      65     do.  -      4-1        do. 

End-links  are  the  links  which  terminate  each  15-fathom  length 
of  chain;  they  are  longer  and  wider  than  the  common  links  in 
order  to  allow  the  joining  shackles  to  pass  through,  and  they 
require  therefore  to  be  made  of  stouter  iron,  generally  1*2  diame- 
ters of  the  common  links. 

S99.  Tensile  strenyth  of  stsd-ehain. — The  following  table 
contains  the  results  of  experiments  on  the  tensile  strength  of  stud- 
chain  made  by  Mr.  William  Smale,  leading  man  of  the  test  house 
in  Her  Majesty's  Dockyard,  Woolwich.*  Mr.  Smale  found  that 
the  average  tearing  weight  of  good  round  bars  of  one  inch  diame- 
ter was  19  tons,  =  24*19  tons  per  square  inch  of  section,  their 
greatest  strength  being  about  20  tons,  =  25*46  tons  per  square  inch 
of  section. 

*  Itepari  from  the  Select  Committee  on  Anchon^  dec,  (Merchant  Service),  1860. 
Appendix,  pp.  151,  152. 
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TABLE  XXXV.— TnrsiLK  Stbbnoth  of  Stud-Chaik. 


Sl>e 

of 

Cbaln. 

Length 
of  each 
piece. 

Number 

of 
pieces 
tested. 

■ 

Mean 
tearing 
weight 

Oovera- 
ment 
proof 
strain. 

Ratio  of 

tearing 

to  proof 

strain. 

Area 

of 

Bar. 

Tearing 

weight 
per  square 

inch  of 
each  side 

of  link. 

in. 

ft.        in. 

tons. 

• 

tons. 

sq.  in. 

tons. 

k 

1 

24        0 

6 

9-58 

7-00 

1-37 

•307 

15-6 

i 

It 

6 

13-51 

10-125 

1-83 

-442 

15-3 

1 

n 

6 

24-25 

18-00 

1-35 

•785 

15^4 

1* 

»> 

6 

29-54 

22-75 

1-30 

•994 

14-9 

Mannfactored 

li 

»» 

»» 

6 
6 

59-68 
74-125 

40*50 
55-125 

1-47 
1-84 

1-767 
2-405 

16-9 
15-4 

byvaiious 
oonttactots 
for  the 
Govenmient 

IJ 

n 

6 

92-88 

63-25 

1-47 

2.761 

16-8 

2 

99 

8 

99-54 

72-00 

1-38 

8-141 

15-8 

i 

2        0 

20 

20-38 

13-75 

1-48 

•601 

16-9 

/ 

IS 

Single  links 

80 

78-70 

55-125 

1-42 

2-405 

16-8 

(  Made  in 
<  Woolwich 
(Dockyard. 

Mean 

— 

1-39 

15-9 

Messrs.  Brown,  Lenox,  &  Co.,  inform  me  that  they  have  found 
by  experience  that  the  average  breaking  strain  of  stud-link  chain, 
up  to  2 J  inches,  is  from  900  to  1,000  ibs.  per  circular  Jth  of  an 
inch  of  the  diameter  of  the  bar — equivalent  to  from  16'37  to  18*19 
tons  per  square  inch  of  each  side  of  the  link.  This  is  for  cables  of 
good  quality  J  much  chain  being  made  of  a  description  of  iron  that 
will  stand  the  proof  and  but  little  more.  Hence,  stud-chain  is 
about  f  rds  as  strong  as  bar  iron  of  the  same  sectional  area  as  both 
sides  of  the  links  together ;  in  other  words,  the  bar  loses  about  33 
per  cent,  of  its  strength  by  being  converted  into  a  link. 

Ex.  A  one-inch  stad-chain  containfl  64  droular  {ths,  and,  if  of  good  quality,  its 
teazing  weight  8hoiild  equal  64  X  900  a  57,600  lbs.  =  25*7  tons.  The  tearing  weight 
of  two  round  bars  of  good  iron,  each  one  inch  diameter,  should  equal  2  X  19  =  38  tons. 

S80.  Admiralty  ProofHSttrain  Iter  Stnd-chaln. — By  the  Chain 
Cable  and  Anchor  Act  of  1871  it  is  enacted  that  a  maker  of  or 
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dealer  in  chain  cables  or  anchors  shall  not  sell,  consign^  or  contract 
to  sell  or  consign,  nor  shall  any  person  purchase  or  contract  to 
purchase  any  chain  cable  whatever,  or  any  anchor  exceeding 
168  fibs.,  which  has  not  been  previously  tested  and  duly  stamped, 
and  where  any  chain  cable  is  brought  to  a  tester  for  the  purpose 
of  being  proved,  he  shall  test  every  fifteen  fathoms  of  it  in  the 
manner  following;  that  is  to  say, 

1^.  He  shall  select  and  cut  out  a  piece  of  three  links  from 
every  such  fifteen  fathoms  and  shall  test  that  piece  by  subjecting 
it  to  the  appropriate  breaking  strain  mentioned  in  the  second 
schedule  to  this  Act  (see  the  last  column  in  Table  XXXVI.) : — 

2^.  If  the  piece  so  selected  fail  to  withstand  such  breaking  strain, 
he  shall  select  and  cut  out  another  piece  of  three  links  from  the 
same  fifteen  fathoms,  and  shall  test  such  piece  in  like  manner : — 

3°.  If  the  first  or  second  of  such  pieces  of  any  fifteen  fathoms 
of  cable  withstand  the  breaking  strain,  he  shall  then,  but  not 
otherwise,  test  the  remaining  portion  of  that  fifteen  fathoms  of 
cable  by  subjecting  the  same  to  the  tensile  strain  mentioned  in 
the  Act  of  1864  (see  the  Admiralty  proof -strain  in  the  7th  column 
of  Table  XXXVI.)  :— 

4^.  He  shall  not  stamp  a  chain  cable  as  proved  which  has  not 
been  subjected  to  the  breaking  and  tensile  strains  in  accordance 
with  the  provisions  of  this  section,  or  has  not  withstood  the  same. 

For  stud-chain  the  Admiralty  proof -strain  equals  630tt>s.  per 
circular  ^th  of  an  inch  of  the  diameter  of  the  bar,  equivalent  to 
11*46  tons  per  square  inch  of  each  side  of  the  link*  Hence,  this 
proof -strain  for  stud-chains  is  about  two-thirds  of  the  ultimate 
strength  of  cables  of  good  quality,  and  one-half  the  strength 
of  good  round  bar  iron — i,e,y  the  Government  proof  of  a  stud- 
chain  is  equal  to  the  ultimate  strength  of  the  single  bar  of  which 
it  is  made,  supposing  this  equals  23  tons  per  square  inch,  =  18*064 
tons  per  circular  inch. 

Ex.  A  one-inoh  stud-chain  has  1*57  square  indies  of  aiea  in  both  sides  of  the  link 

together,  and  1*57  X  11*46  =  18  tons  =  the  proof -strain.    The  nltimate  strength  of 

o 
good  chain  should  reach  -  X  18  =  27  tons^  and  the  breaking  weight  of  the  single  bar 

should  not  be  less  than  18*064  tons,  =  23  tons  per  square  inch,  and  the  iron  should  be 
tough  and  fibrous  with  a  ''set  after  fracture"  of  not  less  than  15  per  cent. 


i:;.S.  -s-  .SS.'iii'.y  .'1'  i5" 


•'V^W^^^r.i 


3B1 

1»0'S 

12i 

157-5 

01* 

Ul-S 

Bl| 

13T-5 

8U 

1137 

72 

100-8 

831 

88-5 

651 

77-0 

*71 

SS-5 

CHAP.  XVI.]       TENSILE  STRENGTH  OP  MATERIALS. 


345 


The  "appropriate  breaking  strains"  of  the  heavier  chains  are 
almost  exactly  16  tons  per  square  inch  of  each  side  of  the  link ; 
for  the  smaller  sizes  they  are  about  one  ton  higher. 

Cables  generally  weigh  the  full  weight  allowed,  the  iron  being 
rolled  a  little  full  to  allow  for  waste  in  the  manufacture.  Those 
for  the  merchant  service  are  usually  made  in  lengths  of  15  fathoms 
each,  with  joining  shackles  connecting  the  lengths  together. 

881.  €lO0e-llnk  chain — ^Proof-stralD. — The  Admiralty  proof- 
strain  for  close-link  chain  is  420  fibs,  per  circular  Jth  of  an  inch  of 
the  diameter  of  the  bar,  or  two-thirds  of  the  proof  for  stud-chains ; 
this  is  equivalent  to  7*64  tons  per  square  inch  of  each  side  of  the 
link,  or  nearly  one-half  the  breaking  weight  of  the  chain.  The 
following  table  gives  the  proof -strain  and  weight  per  100  fathoms 
of  close-link  chain,  the  extreme  length  of  links  not  to  exceed  5 
diameters  of  the  bar;  it  also  gives  the  size  and  weight  of  rope  of 
equal  strength. 

TABLE  XXXVIL— Admoaltt  PBOOF-arsAnrs  roB  Closb-link  Chain. 


Diameter  of ' 
Chain. 

Average  weight 

per  100 

fathoms. 

Proof-strain,  equal 

to  420  lbs.  per 
drcolfr  |ih  Inch. 

Girth  of  Rope  of 
equal  strength. 

Weight  of  Rope 
per&thom. 

inches. 

cwt. 

tons. 

inches. 

lbs. 

n 

155 

811 

— 

— 

n 

125 

27 

— 

— 

ii 

104 

22| 

— 

— 

li 

86 

18J 

— 

— 

n 

70 

15J 

— 

— 

1 

56 

12 

10 

22 

a 

50 

101 

H 

19| 

I 

42 

H 

9 

17i 

a 

85 

n 

81 

15 

i 

32 

^ 

74 

12 

« 

25 

Si 

7 

101 

i 

21 

*i 

6i 

8i 
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TABLE  XXXVn.— Aj)mibaia!T  Fboov-btbaivb  fob  Closb-unk  Chaiet — conHmued. 


Dtameterot 
Chtln. 

ATerage  weight 

per  100 

fathoma. 

Proof-fftrain,  equal 

to  430  Iba  per 
drcolar  |th  inch. 

Girth  of  Rope  of 
equal  itrength. 

Weight  of  Rope 
per  fathom. 

i 

A 

» 

A 

i 

A 

16 
13 
10 
7 
5 
8 
2 

81 
8 

21 

i 

84  cwt. 

6i 

*i 

i 

H 

2i 
2 

7 
5 

^ 

The  rope  of  the  foregoing  table  "is  such  as  is  How  generally 
made  by  machinery  at  most  of  the  large  rope  works,  but  was 
formerly  known  as  '  Patent  Rope,'  in  which  every  yam  is  made  to 
bear  its  part  of  the  strain ;  but  if  common  hand-laid  rope  be  used, 
the  proof -strain  must  be  reduced  one-fourth,  and  in  actual  work 
the  load  should  not,  at  any  time,  exceed  one-half  the  proof."* 
It  will  be  observed  that  the  diameter  of  a  close-link  chain  is 
approximately  one-tenth  of  the  girth  of  hemp  rope  of  equal 
strength. 

88)0.  Iioni^  open-llak  chalii — ^JLdmlralty  proof>stralii — 
Trinity  proof-strain — ^French  proof. — The  links  of  open- 
link  chain  are  not  oval  like  those  of  a  stud-chain,  but  parallel- 
sided,  and  the  open-link  chain  of  the  same  length  of  link  as  the 
stud-chain  is  lighter  by  the  weight  of  the  studs.  As  already 
observed,  it  is  suited  for  moorings  of  a  permanent  character,  such 
as  those  of  mooring  buoys,  beacon  buoys,  or  light-ships,  which  are 
[Seldom  shifted,  and  where,  consequently,  flexibility  in  passing  round 
chain  barrels  is  a  secondary  object.  Besides  its  comparative  light-^ 
ness,  open-link  chain  has  another  advantage  over  either  close-link 
or  stud-chain,  for  each  15-fathom  length  of  the  two  latter  requires 
long  end  links  for  the  purpose  of  connecting  it  by  joining  shackles 
to  the  adjoining  lengths,  and  if  either  of  these  chains  break,  a  whole 

*  Glynn  on  the  CoMtniction  of  Qranu^  p.  92. 
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length  must  be  taken  out,  since  there  is  not  room  for  a  shackle  to 
pass  through  the  ordinary  close-link  or  stud-link.  When,  how- 
ever, a  long-link  chain  breaks,  the  links  adjoining  the  fracture  can 
be  connected  together  without  taking  out  a  whole  15-fathom 
length,  as  a  shackle  will  generally  pass  through  any  of  the  common 
links.  The  old  Admiralty  proof  for  large  open  long-link  chain 
without  studs  was  315  ifos.  per  circular  ^th  of  an  inch,  or  one-half 
the  proof  of  stud-chain,  as  shown  in  the  following  table ;  the  links 
were  generally  of  great  length. 

TABLE  XXXVUL— Abmibatjt  PBOOF-arBAura  vob  Pbndavt  and  Bamui  CHAUra 


Proof  sindii 

Diameter 

equal  to  815  Iba. 

of  iron. 

perdrcnlar 
Itblneh. 

Inches. 

Toiw. 

H 

110 

' 

«* 

95 

8 
28 

81 
74 
68 
62 
56 

Pemument  defleofeion  or 

collftpdon  of  link  not 

to  exceed  one  quarter 
of  an  inch. 

2 

86 

. 

The  following  are  the  proofs  which  the  Elder  Brethren  of  the 
Trinity  House  require  in  testing  open-link  chains  such  as  are  used 
for  mooring  light-ships  and  beacon  buoys,  as  well  as  close-link 
rigging  or  crane  chains : — The  chains  are  subjected,  in  lengths  of 
15  fathoms,  to  a  strain  of  466  ibs.  per  circular  ^th  inch  of  the 
diameter  of  the  bar,  (equivalent  to  8'47  tons  per  square  inch  of 
each  side  of  the  link,  or  about  one-half  the  breaking  weight  of 
the  chain.)  This  test — which  was  determined  after  numerous 
experiments — is  the  highest  strain  to  which  open-linked  chain 
can  be  subjected  vdthout  altering  the  shape  of  the  link,  and 
is  comparatively  much  more  severe  than  the  usual  test  for  chain 
without  studs.  In  addition  to  the  foregoing  limited  proof -strain, 
test  pieces,  4  feet  long,  are  cut  out  of  each  size  of  chain  and  the 
quality  of  the  iron  is  ascertained  by  testing  the  iron  in  one  link  of 
each  length.  The  remainder  of  each  foar-feet  length  is  then  torn 
asunder  to  test  the  welding,  and  its  breaking  weight  must  not  be 
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less  than  16  tons  per  square  ineh  of  each  side  of  the  link,  or 
880  ft)s.  per  circular  ^th  inch  of  the  diameter  of  the  bar.  The 
lengths  of  chain  from  which  the  test  pieces  are  taken  are  then 
made  good  and  re-proved  as  before. 

In  the  French  Marine  the  proof  for  stud-chains  |^th  inch  in 
diameter  and  upwards  equals  1 0*8  tons  per  square  inch  of  the  bar. 
For  chains  less  than  |th  inch,  without  studs,  the  proof  is  8*9  tons 

per  square  inch.* 

883.  Worklni^fltralii  of  chalnui  shoiild  not  exceed  one- 
half  the  prooff«traln. — Mr.  Glynn f  states  that  chains  ''may 
safely  be  worked  to  half  the  strain  to  which  they  have  been 

proved,  but  not  to  more."     This  for  stud-chain  =  — ^  =  5*73 

tons  per  square  inch  of  each  side  of  the  link,  or  about  one-third  of 
the  ultimate  strength  of  good  chain  and  one-fourth  of  that  of  round 

bar-iron.     For  close-link  chain  this  rule  allows  -n-~»  =  3*82  tons 

per  square  inch  of  each  side  of  the  link,  or  about  one-fourth  df  the 
ultimate  strength  of  common  chain  and  one-sixth  of  that  of  bar- 
iron.  When,  however,  chains  are  liable  to  shocks,  as  in  cranes, 
one-third  of  the  proof -strain,  zz  2*55  tons  per  square  inch  of  each 
side  of  the  link,  will  be  a  sufficient  working  load. 

884.  OomparatlTe  strength  of  «tad  and  open-link  ehaln. — 
I   am  indebted  for  the  following  practical  observations  to  the 

courtesy  of  Messrs.  Brown,  Lenox,  &  Co.,  the  eminent  manu- 
facturers of  anchors  and  chains : — "  We  are  not  of  opinion  that 
studs  increase  the  strength  of  chain,  or  enable  it  to  bear  a  heavier 
ultimate  breaking  strain  than  if  made  without  them,  both  descrip- 
tions being  made  of  the  same  length  of  link.  The  object  of  their 
being  used  is  to  prevent  collapse  of  the  link,  which  in  open-link 
chain  takes  place  at  a  strain  considerably  below  the  breaking 
weight,  and,  of  course,  renders  the  chain  unserviceable.  They 
thereby  enable  chains,  made  with  them,  to  be  used  for  heavier 
strains  than  open-link  chain,  but  do  not  add  to  their  ultimate 

*  Morin,  HiMtanee  de»  MatSriaux,  p.  42. 

t  RudifMntwry  Treatite  on  the  ConHrucUon  of  Cfhaint,  p.  91. 
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Strength— indeed,  from  the  experiments  we  have  tried,  and  the 
experience  we  have  had,  we  are  inclined  to  believe  that  the  link 
without  stay-pins  almost  invariably  breaks  at  a  higher  strain  than 
stud-chains.  The  proof  for  studded  chain  is  the  higher,  only 
because  a  sufficient  proof  cannot  be  given  to  open-link  chdn  before 
the  link  spoils  its  form  and  becomes  rigid.  The  stay  prevents 
collapse,  by  which  the  link  is  prevented  elongating  so  much,  and 
taking  its  natural  position  before  its  utmost  power  is  exhausted 
and  a  break  ensues.  The  link,  if  sound  in  the  workmanship,  will 
nearly  always  break  near  the  stay-pin,  which  is  caused  by  the  nip 
across  the  stay-pin.  If  made  without  stays,  it  will  collapse  until 
it  is  rigid,  and  the  iron  will  reach  as  near  as  possible  the  direct 
line  of  the  straiu,  or  right  through  the  centre  of  the  chain;  the 
sides  of  the  links  will  incline  inwards,  and  the  break  will  ensue  at 
the  nip  across  the  crown  of  the  next  link." 

885.  Weight  and  streB^tli  of  bar^lron^  stnd-chaln,  close- 
link  chaln^  and  cordage. — The  weight  of  a  stud-chain  in  fibs, 
per  foot  is  very  nearly  equal  to  9  times  the  square  of  the  diameter 
of  the  bar;  for  instance,  a  two-inch  stud-chain  weighs  36 lbs. 
per  foot  nearly.  Stud-chain  is  about  3^  times  as  heavy  as  the 
bar  of  which  it  is  made: — thus,  one  &thom  of  1^  inch  stud- 
chain  weighs  about  125  fibs. — a  bar  21  feet  long  would  weigh  about 
124tfos.  Close-link  chain  is  about  4  times  as  heavy  as  the  bar: — 
thus,  one  fathom  of  1^  chain  weighs  about  140  fibs. — a  bar  24  feet 
long  would  weigh  about  141  fibs.  Close-link  chain  is  about  12  per 
cent,  heavier  than  stud-chain  made  with  stay-pins  of  Government 
dimensions ;  large  and  heavy  stays  are  introduced  by  some  manu- 
facturers into  ordinary  cables,  thereby  greatly  increasing  the  useless 
weight  of  cast-iron,  and  enabling  the  chidn  to  be  sold  cheaper  by 
weight.  The  following  table  shows  at  a  glance  the  relative  weights 
and  strength  of  bar-iron,  stud-chain,  close-link  chain,  and  hemp 
cordage. 


''''^©fSfifflff^^S*;®."*'^^^"^'     [chap.  XVI. 
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TABLE  XL. — Stbbnoth  of  bound  iron  Wm  Bon  akd  Hexp  Bopi;  bt 

J.  A.  BoBBUNa,  G.E. — Cimtinued. 


Clrcmnferenoe 

of  Wire  rope 

Inlnchei. 

Tnde 
number. 

Clrcnmferenoe 

of  Hemp  rope 

of  equal  strength 

In  inches. 

Tearing 

weight  in  tons 

of  3,0001m. 

1 

4-46 

11 

102 

36 

4-00 

12 

10 

80 

8*63 

13 

H 

25 

S-26 

14 

8i 

20 

% 

2-98 

15 

7i 

16 

2-68 

16 

ei 

12-3 

2-40 

17 

«J 

8*8 

212 

18 

5 

7-6 

GoaneWise, 

1-9 

19 

475 

5-8 

1-63 

20 

4 

4-09 

1-58 

21 

8-3 

2-83 

1-31 

22 

2-80 

213 

1-23 

23 

2*46 

1-65 

111 

24 

2-2 

1-88 

0-94 

25 

2-04 

1-03 

0-88 

26 

175 

0-81 

\ 

078 

27 

1-60 

0*56 
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TABLE  XLI. — ^Wkioht,  Stbbitoth,  and  WoBKnro  Load  of  Hxmp  avd  bouhd  Ibon 
AND  Steel  Wire  Eopbb,  ab  stated  bt  the  Makrbh,  Me8sb&  Nbwall  and  Ga 
of  Gatbbhbad-om-Ttne. 


Hncp. 

IBOH. 

EquiTalent  Strength. 

drcnm- 
ferenoe. 
Inches. 

LtM. 

Weight  per 
fathom. 

Giremn- 
ference. 
Inchea. 

Lbs. 

Weight  per 

foUioin. 

Clrcnm* 
ferenoe. 
Inches. 

Lba. 

TelKhtper 

fiitboni. 

Working 
Lo«l. 
Cwt. 

Tearing 

▼eighL 

Tona. 

2| 

2 

1 

6 

2 

— 

n 

14 

1 

1 

9 

3 

8f 

4 

ii 

2 

12 

4 

li 

24 

14 

14 

16 

6 

*i 

5 

u 

3 

18 

6 

— 

2 

84 

i» 

2 

21 

7 

Si 

7 

24 

i 

If 

24 

24 

8 

— 

2i 

44 



27 

9 

6 

9 

2} 

6 

IJ 

s 

30 

10 

— 

— 

2i 

64 

33 

11 

6i 

10 

2i 

6 

2 

34 

86 

12 

— 

21 

«4 

21 

4 

39 

13 

7 

12 

2| 

7 

2i 

44 

42 

14 

S 

74 

— 

46 

15 

74 

14 

Si 

8 

2| 

5 

48 

16 

— 

81 

8J 

— 

61 

17 

8 

16 

8| 

9 

24 

64 

64 

18 

— 

84 

10 

2i 

6 

60 

20 

84 

18 

31 

11 

21 

64 

66 

22 

— 

8J 

12 

72 

24 

94 

22 

84 

18 

1 

84 

8 

78 

26 

10 

26 

14 

84 

28 

*4 

15 

8| 

9 

90 

30 

11 

SO 

il 

16 

— 

96 

32 

— 

— 

*k 

18 

84 

10 

108 

36 

12 

84 

ii 

20 

8f 

12 

120 

40 
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897.  Tensile  strenyth  of  flat  Iron  and  steel  wire  ropes 
and  flat  hemp  rope. 

TABLE  XLII.— Whoht,  Stbinoth  avd  Wobkiho  Load  of  flat  Hemp  Bopi 

AND  FLAT  IbON  AND  StBU.  WIEB  ROPES,  AB  STATED  BT  THB  SAME  MaKBBS. 


Hbkp. 


SlMln 
inches. 


Lbs. 

Weight  per 

fathom. 


Ibon. 


sue  in 
Inchee. 


Lbe. 

Weight  per 

fathom. 


Stbbi, 


Sisein 
inches. 


LhflL 

Weight  per 
fathom. 


EqnlTalent  Strength. 


Working 
LoAd. 
Cwts. 


Tearing 

weight 

Tone. 


4  +u 

5  +11 
5i+l| 
51+14 

6  +U 

7  +11 
81+21 
8i+21 
9  +2J 
91+21 

10  +21 


20 
24 
26 
28 
80 
86 
40 
45 
50 
55 
60 


21+1 

11 

— 



44 

24+,, 

18 

52 

2}+l 

15 

— 

60 

8  +  „ 

16 

2  +  i 

10 

64 

81+,, 

18 

21+4 

11 

72 

84+., 

20 

„               „ 

12 

80 

8i+ll 

22 

2i+4 

13 

88 

4  +  ,. 

25 

2|+l 

15 

100 

4i+  J 

28 

8  +  „ 

16 

112 

41+,, 

82 

81+ „ 

18 

128 

41+  „ 

34 

81+  „ 

20 

136 

20 
23 
27 
28 
32 
36 
40 
45 
50 
56 
60 


588.  Safe  worfclnir  ^oad  of  wire  rope. — From  Table 
XLI.,  the  safe  working  load  of  round  hemp  or  wire  rope  is  a 
little  more  than  one-seventh  of  their  tearing  weight;  and  from 
Table  XLIL,  the  working  load  of  flat  hemp  and  wire  rope  is  about 
one-ninth  of  their  tearing  weight;  and  Messrs.  Newall  and  Co. 
state  that  *^  round  rope  in  pit-shafts  must  be  worked  to  the  same 
load  as  flat  ropes."  It  also  appears  from  Table  XLI.  that  the 
length  at  which  a  round  iron  wire  rope  will  break  from  its  own 
weight  is  26,880  feet;  the  working  limit  of  length  therefore, 
supposing  the  rope  has  only  its  own  weight  to  support,  is  under 
4,000  feet. 

MISCELLANEOUS  MATERIALS. 

589.  Tensile  strength  of  bone^  leather^  whalebone^  irntta* 

pereha^  i^ne. — From  Sevan's  experiments  it  appears  that  the 

2  A 
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tensile  strength  of  bones  of  horses,  oxen  and  sheep  varies  from 
33,000  to  42,500  lbs.  per  square  inch  * 

The  following  are  the  results  of  Mr.  H.  Towne's  experiments 
on  the  tensile  strength  of  single  leather  belts.f 

Teazing  weight 

in  lbs. 
per  inch  wide. 

Through  the  lace  holes,  -  -  -        210 

Through  the  rivet  holes,  -  -  -        382 

Through  the  solid  part,  -  -  -        675 

The  thickness  being  *219  inch,  the  tensile  strength  of  the  solid 
leather  was  3,082  ibs.,  =  1*376  tons  per  square  inch.  The  strengths 
of  new  and  partially  used  belts  were  found  to  be  nearly  identical. 
The  maximum  working  strain  may  vary  from  one-fourth  to  one- 
third  of  the  tearing  weight,  t.«.,  from  52  to  70  ibs.  per  inch  wide  of 
ordinary  single  belting,  but  the  former  is  the  safer  rule.  Helvetia 
leather  belting,  manufactured  by  a  peculiar  process  by  Messrs. 
Norris  and  Co.,  of  Shadwell,  London,  from  fresh  Swiss  ox  hides, 
is  stated  to  be  stronger  and  more  flexible  than  ordinary  tanned 
English  belting,  as  shown  by  the  following  table,  which  contains 
the  results  of  Mr.  Earkaldy^s  experiments,  t 

TABLE  XLIII. — ^TxvaiLi  Stbength  or  Liathib  Bblthto. 


English  Belting. 

Helvetto  Belting. 

Double,  12  inches, 

Ibs. 
14,861 

Ibs. 
17,622 

H          7       ,, 

6,198 

11,089 

»        s     „ 

6,603 

10,456 

M                 »           »» 

4,365 

6,207 

»»         2      „ 

2,942 

4,287 

Single,    10      „              -            - 

8,846 

11,888 

>f        5      »» 

4,060 

5,426 

»»         4      „ 

3,248 

8,948 

If         SJ    „ 

8,007 

8,877 

•  PhU,  Mag,,  1826,  pt  181.  f  JSngineer,  Aug.,  1868,  p.  145. 

t  The  Engineer,  Aug.,  1872,  p.  125. 
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Professor  Bankine  states  that  the  tenacity  of  raw  hide  is  about 
once  and  a  half  that  of  tanned  leather,  and  that  the  tenacity  of 
whalebone  is  7,700  &>s.  per  square  inch.*  Mr.  Box  states  that 
the  tensile  strength  of  gutta-percha  is  1,680  lbs.,  =  *75  ton,  per 
square  inch,  and  that  in  belting  it  will  bear  about  400  fts.  per  square 
inch.t 

Beyan  found  that  the  adhesion  of  common  glue  to  dry  ash 
timber  amounted  to  715  lbs.  per  square  inch  wheu  the  glue  was 
freshly  made  and  the  season  was  dry;  when  the  glue  had  been 
frequently  melted  and  in  the  winter  season,  the  adhesion  varied 
from  350  to  560  fibs,  per  square  inch.  The  tensile  strength  of 
solid  glue  was  4,000  lbs.  per  square  inch.^ 

*  Maehineryt  p.  475. 

t  Box  on  MiUgeaHngy  p.  69. 

t  Pha.  Mag,,  1826,  Vol.  Ixviii,  p.  112. 
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SHEARING-STRAIN. 


890.  Shearinir  in  detail — Slmoltaneoas  shearlnir. — ^The 
nature  of  shearing-Btrain*  in  the  vertical  web  of  girders  has  been 
abready  investigated  in  the  second  chapter,  and  we  have  frequent 
examples  of  the  same  kind  of  strain,  though  on  a  smaller  scale,  in 
rivets  or  similar  connexions  which  sustain  forces  tending  to  cut 
them  across  at  right  angles  to  their  length.  For  example,  the 
rivet  joining  the  blades  of  a  pair  of  scissors  is  subject  to  a  shearing- 
strain  equal  to  the  pressure  applied  to  the  handles,  plus  the 
resistance  of  the  fabric  which  is  being  cut.  The  latter  also  is 
subject  to  a  shearing-strain,  differing,  however,  in  character  from 
that  which  the  rivet  sustains  in  consequence  of  the  inclination  of 
the  blades  which  sever  only  a  short  length  of  the  fabric  at  a  time. 
Machines  for  shearing  metals  act  on  this  principle,  their  cutting 
edges  being  generally  set  at  an  acute  angle  to  each  other,  so  that 
they  shear  plates  in  detail,  and  thus  diminish  the  effort  exerted  at 
each  instant  of  time ;  in  punching  machines,  however,  the  whole 
circumference  of  the  hole  is  cut  at  the  first  e^brt,  and  subsequent 
pressure  is  merely  necessary  to  overcome  friction  and  push  out  the 
burr.  The  shearing-strains  which  occur  in  engineering  structures 
generally  resemble  that  which  rivets  sustain,  where  the  whole 
transverse  area  simultaneously  resists  shearing.  In  this  case  it  is 
clear  that  the  strength  of  the  rivets  is  proportional  to  their  sectional 
area;  in  other  words,  if  F  and  /  represent  the  total  and  the  unit 
shearing-strains,  eq.  1  will  apply  to  shearing  as  well  as  to  tensile 
and  compressive  forces,  provided  always  that  the  cutting  edges 
bear  simultaneously  over  the  whole  surface  of  the  rivet  or  material 
under  stndn. 

*  Called  Detrudon  by  some  authors. 
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SOI.  Shearinir  0trcngtli  of  east-Iron. — The  shearing  strength 
of  cast-iron,  according  to  Professor  Bankine,  is  27,700  lbs.  =  12*37 
tons  per  square  inch.  In  my  own  experiments  I  have  found  its 
shearing  strength  equal  to  8  or  9  tons  per  square  inch,  which 
is  substantially  the  same  as  its  tensile  strength. 

809.  Sxpeiimeiits  on  ponehlnir  ^mrooirlit-iron. — Table  I. 
exhibits  the  results  of  experiments  made  at  Bristol  by  Mr.  Jones, 
'^  on  the  force  required  for  punching  different  sized  holes  in  different 
thicknesses  of  plates,  up  to  1  inch  diameter  and  1  inch  thickness ; 
the  force  was  applied  by  means  of  dead  weights  with  a  pair  of 
levers  giving  a  total  leverage  of  60  to  1,  so  that  1  cwt.  in  the  scale 
gave  a  pressure  of  3  tons  on  the  punch ;  the  weights  were  added 
gradually  by  a  few  ibs.  at  a  time  until  the  hole  was  punched.*'* 


TABLE  L— ExFiBDfsiiTS  on  Punohino  Plate  Iron. 


Diameter 
of  hole. 

Thickness 
of  plate. 

Sectional  area 
cot  through. 

Total  pressure 
on  Punch. 

Pressure 

per  square  inch 

of  area  cut. 

inch. 

inch. 

square  inch. 

tons. 

tons. 

0-250 

0-487 

0-344 

8-384 

24-4 

0-500 

0-625 

0-982 

26-678 

27-2 

0-760 

0*626 

1-472 

84-768 

23-6 

0-876 

0-876 

2-405 

65-500 

281 

1-000 

1-000 

8-142 

77-170 

24-6 

Table  II.  contains  experiments  by  Mr.  C.  Little  on  punching 
holes  in  hammered  scrap  iron  with  Eastwood's  hydraulic  shearing 
press,  the  force  applied  being  measured  by  weights  hung  on  the 
end  of  the  force-pump  handle.  This  method  of  measurement  is 
not  so  accurate  as  that  by  direct  leverage,  since  the  friction  of  the 
press  is  rather  an  uncertain  element  in  the  calculation.! 

•  Proc  Intt.  Mech,  Eng.,  1858,  p.  76. 
t  Idem^  p.  78. 
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TABLE  H— ExpsBnoBirTS  oh  PuKOHnva  Hakvebbd  Sorap  Ibov. 


No.  of 

expert- 

ment. 


Diameter 

of 
PnnclL 


Sectional  area  cut 


Tliieknew 

and 

circnmferenoe. 


Area. 


PresBure  on  Punch. 


Total. 


Tons 
per  square 
inch  of  area 

cut 


Remarks. 


1 
2 
8 
4 
5 
6 


IDE, 
1 
1 
2 

2 
2 
2 


incheB. 
0-61 X  8-1 4 
0-98  X  3-1 4 
0-52  X  6-28 
0-57  X  6-28 
1-06  X  6-28 
1-52  X  6-28 


sq.  ins. 

tODLB. 

tODB. 

1-60 

86-8 

22-4 

3-08 

69-3 

22-6 

3-27 

59-7 

18-3 

8-58 

70-5 

19-7 

6-66 

182-8 

19-9 

9-66 

186-7 

19-5 

22*5  mean. 


)  19'4  mean. 


893.  Expeiimento  on  shearinip  wroai^ht-iron. — ^Table  III. 
contains  experiments,  also  by  Mr.  Little,  with  Eastwood's  hydraulic 
shearing  press,  on  the  force  required  to  shear  bars  of  hammered 
scrap  and  rolled  iron  presented  edgeways  and  flatways  to  the  cutter. 

TABLE  III. — ^ExFBRiMXNTS  ON  SHEABnra  Ham xebxd  Scrap  Bars  and  Rolled  Iron. 


Ko  of 
experi- 
ment 


Direc- 
tion 
of 

shear- 
ing. 


Sectional  area  cut. 


Thickness 

and 
hreadth. 


Area. 


Pressure  on  Cutters. 


Total. 


Tons 

per  square 

inch  of 

area  cut 


Bemsrks. 


7 
8 
9 
10 
11 
12 
13 


Flat 

Edge 

Flat 

Edge 

Flat 

Edge 

Edge 


inches. 
0*50  X  3-00 

0-50  X  8-00 

1-00  X  8-00 

1  •00X3*00 

1  •00X3-02 

1 -00  X  3-02 

1-80X5-00 


8q.  ins. 

tona. 

tons. 

1^50 

33-4 

22-8 

1-50 

34-6 

281 

3-00 

69-2 

23-1 

3-00 

68-1 

22-7 

8-02 

59-7 

19-8 

3-02 

62-1 

20-6 

10-20 

210-6 

20-6 

22-7  mean. 


I 


QQ 

r  ^ 


•  21 '5  mean. 


6 


Flanged  tyre. 


& 
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TABLE  III— EXPIBDflNTS  OV  SHEABIVO  WBOUOHT-IbOV— «(MU»1»tl«<. 


No.  of 
experi- 
ment 


Dlree- 

tion 

of 

shew- 
ing. 

Secttonal  area  ent. 

PreHure  on  Cafcten. 

ThlekneM 

and 
bieadtb. 

Area. 

Total 

Tona 

per  square 

Inch  of 

ana  cat 

Flat 

inches. 
0-fi6X8-00 

sq.  ins. 
1-68 

tons. 
21-2 

tons. 
12-6 

Edge 

0-56X8-00 

1-68 

88-2 

19-7 

FlAt 

0-90  X  3-87 

3-08 

27-4 

9-0 

Edge 

0-87  X  8-82 

2-89 

67-4 

19-8 

Flat 

1-06X8-02 

820 

60*2 

16-7 

Edge 

106X8-02 

8-20 

67*6 

21-1 

Flat 

1  •52X8*03 

4*61 

887 

18-2 

Edge 

1*68X8-08 

4-64 

93-8 

201 

Flat 

1-39  X  4-60 

6*26 

89*7 

14-8 

Edge 

1-88X4-60 

6-21 

111-2 

17-9 

Flat 

1-73X6-30 

917 

168-1 

16-7 

Edge 

1-78X6-30 

9-17 

207-0 

22*6 

Flat 

1-66X6-00 

9-86 

140-0 

15-0 

Edge 

1-66X600 

9*86 

172-8 

18-4 

Bemarin. 


14 
16 
16 
17 
18 
19 
20 
21 
22 
28 
24 
26 
26 
27 


I 


S 


00 


I 


28 
29 
80 
81 
32 


Square 

Square 

Flat 

Edge 

Edge 


3-10X310 
8*10X3-10 
1*80X6*00 
1-80X600 
1-70  X  5*26 


9*61 

9-61 

10*20 

10-20 

10-67 


166-1 
166-6 
99-8 
186-6 
179-6 


17*2 
16-2 
9-7 
18-2 
17-0 


Hammered  iron. 
Boiled  iron. 
Flanged  tyre. 
Flanged  tyre. 
Flanged  tyre. 


.9 


S 


"In  the  above  experiments  of  shearing  (Nos.  7  to  13  inclusive), 
cutters  with  parallel  edges  were  used ;  but  when  the  ordinary  cutter 
with  edges  inclined  to  one  another  at  an  angle  of  1  in  8  were  em- 
ployed (Nos.  14  to  32  inclusive),  the  force  required  in  shearing 
was  diminished,  and  considerably  so  in  the  case  of  the  thinner 
sections  when  sheared  flatways;  and  as  bars  are  usually  sheared 
flatways,  a  decided  advantage  is  shown  in  favour  of  inclined  over 
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parallel  cutters.     The  force  in  tons  per  square  inch  of  section  cut 
with  the  bars 

FUkfewayB.  Edgeways. 

toiUL  tons. 


8  XH  inch 

was 

18-2 

and 

20-1 

or 

10  per 

cent,  lees  flatwaya, 

44x11 

» 

14-3 

n 

17-9 

»» 

20 

f> 

8  XI 

If 

15-7 

n 

211 

99 

26 

» 

HXH 

w    • 

167 

» 

22-6 

M 

26 

6  Xli 

yf 

16-0 

» 

18-4 

M 

IS 

» 

*'  A  trial  was  also  made  of  the  force  required  to  shear  some  hard 
railway  tyres  1|  inch  thick,  and  the  result  was  185  tons  total 
edgeways,  and  99  tons  flatways  (Nos.  30  and  31).  A  3  inch  square 
bar  of  rolled  iron  was  also  tried,  and  the  force  required  was  155 
tons  total,  against  a  total  of  165  tons  required  for  a  hammered  bar 
of  the  same  section  (Nos.  28  and  29)."* 

During  the  construction  of  the  Britannia  and  Conway  tubular 
bridges  several  experiments  were  made  by  means  of  a  lever  on  the 
shearing  strength  of  bars  of  rivet  iron  ^th  inch  diameter.  *  The 
mean  result  from  these  experiments  gives  23*3  tons  per  square 
inch  as  the  weight  requisite  to  shear  a  single  rod  of  rivet  iron  of 
good  quality.  The  tdtimate  tensile  strength  of  these  same  bars 
was  also  found  to  be  24  tons;  hence  their  resistance  to  single 
shearing  was  nearly  the  same  as  their  ultimate  resistance  to  a 
tensile  strain."  Two  plates  |th  inch  thick  were  also  "riveted 
together  by  a  single  rivet  |th  inch  diameter,  and  the  rivet  was 
sheared  by  suspending  actual  weights  from  the  plate;  the  rivet 
thus  sustained  12*267  tons,  or  20*4  tons  per  square  inch.  Three 
plates  were  then  united  by  a  simUar  rivet,  and  the  rivet  was 
sheared  in  two  places  by  the  centre  plate.  The  ultimate  weight 
suspended  from  the  rivet  was  26*8  tons,  or  22'3  tons  per  square 

inch  of  section."t 

894.  Shearing  sirenfftb  of  wrooffht-iron  cNioato  Ito  tensile 
0trenirtb* — ^From  these  various  experiments  on  punching  and 
shearing,  we  may  infer  that  the  shearing  strength  of  wrought-iron 
is  practically  equal  to  its  tensile  strength,  and  that  the  safe  shearing 

*  Proe.  Ifut.  Mech.  Eng„  1858,  p.  74. 
t  Clark  on  the  Tubular  Bridges,  p.  892. 
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unit-strain  for  wrought-iron  rivets  or  bolts  is  practically  the  same 
as  the  safe  tensile  unit-strain  in  the  plates  they  connect,  ue,f  about 
5  tons  per  square  inch  of  section  in  ordinary  girder-work. 

895.  Sheaiinir  strenyth  of  rivet  steel  %m  three^oarthci 
of  its  tensile  strenir^li. — From  Mr.  Kirkaldy's  experiments  it 
appears  that  the  shearing  strength  of  rivet  steel  is  63,796  lbs., 
=  28'48  tons  per  square  inch,  the  tensile  strength  of  the  bar 
employed  being  86,450  fibs.,  =  38*59  tons  per  square  inch  of  area.* 
Hence,  the  shearing  strength  of  rivet  steel  is  about  three-fourths 
of  its  tensile  strength.  The  tensile  strength  of  some  rivet  steel 
used  in  one  of  H.M.  ships  was  35'93  tons  per  square  inch.t  The 
heads  of  steel  rivets  are  very  apt  to  fly  off,  and  Lloyd's  committee 
have  prohibited  their  use  in  shipbuilding. 

896.  Sliearinip  streni^h  of  eopper. — ^From  experiments  by 
Mr.  Joseph  Golthurst  on  punching  plates  of  wrought-iron  and 
copper  with  a  lever  apparatus,  it  appears  that  the  force  required 
to  punch  copper  is  two-thirds  of  that  required  to  punch  iron.  "  It 
was  observed,  that  duration  of  pressure  lessened  considerably  the 
ultimate  force  necessary  to  punch  through  metal,  and  that  the  use 
of  oil  on  the  punch  reduced  the  pressure  about  8  per  cent."t 

897.  Shearinir  strenirth  of  lir  in  tlie  direction  of  tiie 
Vrain  —  Sliearinff  strenirtli  of  oalc  treenails. — From  Mr. 
Barlow's  experiments  on  the  resistance  of  fir  to  drawing  out,  t.^., 
shearing,  in  the  direction  of  the  grain,  it  appears  that  this 
amounts  to  592  lbs.  per  square  inch,  or  nearly  one-twentieth  of 
the  tensile  strength  of  the  timber  lengthways.  § 

The  following  table  contains  experiments  by  Mr.  Parsons  of 
H.M.  dockyard  service,  on  the  '^  transverse  strength  of  Treenails 
of  English  oak,  used  as  fastening  for  planks  of  3  and  of  6  inches  in 
thickness,  and  subjected  to  a  cross  strain."  || 

*  Experimental  Inquiry,  p.  71. 
t  Beed  on  Shipbuilding,  p.  882. 
t  Proc.  Intt.  of  a  E.,  Vol.  1.,  p.  60. 
§  Barlow  on  the  Strength  of  Materials,  p.  23. 
Murray  on  Shipbydlding  in  Iron  and  Wood,  p.  94. 
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TABLE  IV.—Stbevoth  of  Tbbinails  or  English  Oak. 


Number 
of  the 
ex- 
periment 

DIAMETEB     OP     THE     TREENAILS. 

linch. 

liinch. 

lAinch. 

If  inch. 

THICKNESS     OF    THE    PLANK. 

8  inches. 

6  Inches. 

8  Inches. 

6  Inches. 

8  inches. 

6  inches. 

8  Inches 

6  inches 

1 

2 

8 

'  4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

T.    a 
1    8 
1    7 
1    2 

1  6i 

2  12 
2    2 
2    4 
1    6 
1    8 

1  2 

2  0 
1    8 
1  16 

T.    €L 

1    7 
1  15 
1    8 
1    8 
1    8 
1    7 

1  10 

2  8 

1  8 

2  8 
2    0 

1  7 

2  8 

r.  a 

1  14 

2  2 

1  17 

2  2 
2    2 
2    9 
2    8 
2    7 
2  12 
2  10 
2    7 
2  10 
2  17 

T.    0. 
2    8 
2    2 
2  19 
2    2 

1  15 

2  10 
2  10 
2    0 
2  10 
2  15 
2    0 
2    0 
2    0 

T.  0. 

2    0 
2    6 
2  15 
2    4 
2  18 
2    6 
8    7 

2  5 
8    0 
8    0 
8    9 
4    2 

3  2 

T.  C. 
3  12 
2  10 

2  10 

3  12 
2    5 
2    5 

2  5 

3  0 

4  0 
4  10 

2  18 

3  0 
3  18 

T.  0. 

3  0 
2  10 

4  0 

2  8 

3  10 
3  10 
3    5 

3  5 

4  6 

3  8 

4  0 
4  10 
4    2 

T.  a 
5  10 

3  13 

4  0 

3  8 

4  0 

5  8 
3  12 

3  13 

4  13 

4  0 
3    8 

5  0 
5    5 

Average 

1  11 

1  13 

2    6 

2    6 

2  16 

3    2 

3  10 

4    6 

Total 
Shearing 
force  in 

tons. 

1-6 

2-3 

2-95 

3-9 

Tons  per 
square 
inch  of 
section. 

2-04 

1-88 

1-67 

1-62 

"In  all  these  experiments  where  the  treenails  were  evidently 
good,  they  gave  way  gradually.  In  some  of  the  rejected  experiments, 
however,  the  treenuls  certainly  did  break  off  suddenly,  but  then 
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they  were  evidently,  on  examination,  either  of  bad  or  over-seasoned 
material.     In  the  experiments  on  treenails,  the  plank  generally 
moved  about  half  an  inch  previous  to  the  fracture  of  the  treenail.*' 
From  these  experiments  Professor  Kankine  deduces, 

1.  That  the  shearing  strength  of  English  oak  treenails  across  the 

grain  is  about  4,000  Ifos.  per  square  inch  of  section. 

2.  That  in  order  to  realize  that  strength,  the  planks  connected 
by  the  treenails  should  have  a  thickness  equal  to  about  three  times 
the  diameter  of  the  treenails.* 

*  CivU  Engineering,  p.  459. 
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ELASTIOITT  AKD   SET. 


898.  liimtl;  of  EkMtlclty — Set — ^Hooke'0  law  of  elasticity 
praetieally  tniie. — It  has  been  ali'eady  stated  in  5  that  Mr. 
Hodgkinson's  experiments  led  him  to  infer  the  non-existence  of  a 
definite  elastic  limit  within  which,  if  the  particles  of  a  substance  be 
displaced,  they  will  return  exactly  to  their  original  relative  positions 
after  the  disturbing  force  is  removed.  The  opposite  view  was  held 
by  Professor  Bobison,  whose  opinions  are  also  entitled  to  great 
respect.  In  the  article  on  the  "  Strength  of  Materials"  in  the 
EncyclopoBdia  Britannica^  he  writes  as  follows : — "  It  is  a  matter  of 
fact  that  all  bodies  are  in  a  certain  degree  perfectly  elastic ;  that 
is,  when  their  form  or  bulk  is  changed  by  certain  moderate  com- 
pressions or  distractions,  it  requires  the  continuance  of  the  changing 
force  to  continue  the  body  in  this  new  state ;  and  when  the  force 
is  removed,  the  body  recovers  its  original  form.  We  limit  the 
assertion  to  certain  moderate  changes.  For  instance,  take  a  lead 
wire  of  one-fifteenth  of  an  inch  in  diameter  and  ten  feet  long ;  fix 
one  end  firmly  to  the  ceiling,  and  let  the  wire  hang  perpendicular ; 
affix  to  the  lower  end  an  index  like  the  hand  of  a  watch ;  on  some 
stand  immediately  below,  let  there  be  a  circle  divided  into  degrees, 
with  its  centre  corresponding  to  the  lower  point  of  the  wire ;  now 
turn  this  index  twice  round,  and  thus  twist  the  wire.  When  the 
index  is  let  go,  it  will  turn  backwards  again,  by  the  wire  untwisting 
itself,  and  make  almost  four  revolutions  before  it  stops ;  after  which 
it  twists  and  untwists  many  times,  the  index  going  backwards  and 
forwards  round  the  circle,  diminishing,  however,  its  arch  of  twist 
each  time,  till  at  last  it  settles  precisely  in  its  original  position. 
This  may  be  repeated  for  ever.  Now,  in  this  motion,  every  part 
of  the  wire  partakes  equally  of  the  twist.  The  particles  are 
stretched,  require  force  to  keep  them  in  their  state  of  extension 
and  recover  completely  their  relative  positions.    These  are  all  the 
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characters  of  what  the  mechanician  calls  perfect  elasticity.  This 
is  a  quality  quite  familiar  in  many  cases,  as  in  glass,  tempered  steel, 
&c.,  but  was  thought  incompetent  to  lead,  which  is  generally 
considered  as  having  little  or  no  elasticity.  But  we  make  the 
assertion  in  the  most  general  terms,  with  the  limitation  to  moderate 
derangement  of  form.  We  have  made  the  same  experiment  on  a 
thread  of  pipe-clay,  made  by  forcing  soft  clay  through  the  small 
hole  of  a  syringe  by  means  of  a  screw,  and  we  found  it  more  elastic 
than  the  lead  wire;  for  a  thread  of  one-twentieth  of  an  inch 
diameter  and  seven  feet  long  allowed  the  index  to  make  two  turns, 
and  yet  completely  recovered  its  first  position.  But  if  we  turn  the 
index  of  the  lead  wire  four  times  round  and  let  it  go  again,  it 
untwists  again  in  the  same  manner,  but  it  makes  little  more  than 
four  turns  back  again  ;  and  after  many  oscillations,  it  finally  stops 
in  a  position  almost  two  revolutions  removed  from  its  original 
position.  It  has  now  acquired  a  new  arrangement  of  parts,  and 
this  new  arrangement  is  permanent  like  the  former ;  and  what  is 
of  particular  moment,  it  is  perfectly  elastic.  This  change  is 
familiarly  known  by  the  denomination  of  a  set."* 

Whatever  opinion  the  reader  may  hold  regarding  the  existence 
or  non-existence  of  a  definite  elastic  limit,  experiments  prove  that 
Hooke's  Law  of  Elasticity ^  namely,  that  the  elastic  reaction  of  the 
fibres  is  proportional  to  their  increment  or  decrement  of  length, 
according  as  they  are  subject  to  tension  or  compression,  is  for  all 
practical  purposes  substantially  true  of  most  of  the  materials  used 
in  construction  over  a  very  considerable  range  of  strain,  extending 
in  some  cases  even  to  the  breaking  weight  of  the  material  (9). 

CAST-IRON. 

899.  Decrement  of  length  and  set  of  en0t-tron  in  com- 
pression— €3oelllclent  of  compresstve  elasticity. — We  are  in- 
debted to  Mr.  Hodgkinson  for  some  valuable  experiments  on  the 
decrements  of  length  and  compressive  sets  of  eight  bars  of  cast-iron, 
each  10  feet  long  and  1  inch  square  nearly.  The  first  pair  of  bars 
were  Low  Moor  iron  No.  2 ;  the  second  pair,  Blaenavon  iron  No.  2 ; 

*  Bne.  BriL,  8th  Ed,  Vol  xx.,  p.  749,  Art  «  Strength  of  Materials." 
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the  third  pair,  Gartsherrie  iron  No.  3;  and  the  fourth  pair,  a 
mixture  of  Leeswood  iron  No.  3  and  Glengamock  iron  No.  3,  in 
equal  proportions.  Table  I.  contains  the  mean  of  these  experiments 
reduced  to  a  convenient  unit-strain  by  Mr.  Clark,  and  I  have 
added  in  the  last  column  the  coefficients  of  compressive  elasticity 
per  square  inch,  obtained  by  dividing  the  original  length,  viz^ 
120  inches,  by  the  decrements  of  length  per  ton  in  the  second 
column  (8).* 

TABLE  I.— Dbobeubhts  ov  Levoth  aitd  OoicPRKsanrB  Sits  of  a  CAsr-iBoir  Bab 

10  Febt  Lono  abd  1  Iboh  Squabb. 


Tom 

DeerementB  of  length 
per  ton. 

Total  Decrements 
of  length. 

Seta. 

E' 

The  coeffldeni 
of  Comprewire 

ElaMtidtf 
per  eqaare  inch. 

inch. 

inch. 

inch. 

tons. 

1 

•020888 

•020388      - 

•000510 

5900 

2 

-021088 

•042077 

•002452 

5704  N 

8 

•021618 

•064855 

•004840 

5551 

4 
6 

•021869 
•021594 

•085479 
•107872 

•006998 
•009188 

5615 
5557 

o 

QO 

6 

•021752 

•130518 

•011798 

5517 

o 

00 

7 

•021950 

•153654 

•015243 

5467 

1-H 

8 

•022154 

■177235 

•018572 

5416 

,11 

9 

•022374 

•201378 

-024254 

5363 

t^ 

10 

-022477 

•224774 

•028126 

5339 

11 

•022567 

•248287 

•032028 

5317 

1 

12 

•022802 

•273632 

•037658 

5262 

18 

•023014 

•299187 

•043318 

5214 

14 

•023523 

•329330 

•052640 

5101   j 

15 

•023539 

-358092 

•060905 

5098 

16 

•024409 

•390558 

-080256 

4916 

17 

•024805 

•421695 

•086298 

4838 

Rqt.  of  Iron  Com,^  App.,  p.  63 ;  and  Clark  on  the  Tubtdar  Bridges,  ^  312. 
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The  unif onnity  of  the  curve  of  decrements  shows  that  there  is 
no  abrupt  alteration  in  the  i  compressive  elasticity  of  cast-iron  as 
far  as  17  tons  per  square  inch  and  possibly  up  to  a  higher  amount. 

400.  Hodffklnsoii's  flbrmute  for  the  decrement  of  lenirth 
and  set  of  cast*lron  in  eompresdion. — The  following  formula 
was  deduced  by  Mr.  Hodgkinson  from  his  experiments  on  the  four 
different  irons  just  described  to  express  the  relation  between  the 
load  and  the  corresponding  decrements  of  length  in  cast-iron  bars 
1  inch  square  and  of  any  length.* 

X'  =  I {012363359  —  v'000152853  —  •00000000191212WJ-    (243) 
Where  X'=  the  decrement  of  length  in  inches, 
I  =  the  length  in  inches, 
W  =  the  weight  in  fibs,  compressing  the  bar. 
Mr.  Hodgkinson  expressed  the  compressive  set  of  bars  of  Low 
Moor  cast-iron  10  feet  long  by  the  following  equationf: — 

Compressive  set  in  inches  =  'hASiK'^  +  '0013.         (244) 

401.  Inerement  of  leni^h  and  set  of  cast-iron  in  tension — 
Coefficient  of  tensile  elasticity. — The  following  table  shows  the 
increments  of  length  and  tensile  sets  of  cast-iron  bars  10  feet  long 
and  1  inch  square,  reduced  by  Mr.  Clark  from  Mr.  Hodgkinson's 
experiments  ^*  upon  round  bars  of  iron,  united  together  at  the  ends, 
so  that  the  whole  length,  exclusive  of  the  couplings,  was  50  feet, 
except  in  two  instances,  where  the  length  was  48  feet  3  inches. 
There  were  nine  experiments  upon  these  connected  lengths,  and 
the  experiments  were  upon  four  kinds  of  cast-iron — Low  Moor 
No.  2,  Blaenavon  No.  2,  Gartsherrie  No.  3,  and  a  mixture  of 
iron,  composed  of  Leeswood  No.  3  and  Glengarnock  No.  3,  in 
equal  proportions.  There  were  two  experiments  upon  each  of  the 
simple  irons,  and  three  upon  the  mixture,  and  the  mean  results 
were  afterwards  reduced  to  those  of  10  feet  and  1  square  inch 
exactly."  "  The  bars  were  suspended  vertically,  and  acted  upon 
directly  by  weights  attached  at  their  lower  ends."}  I  have  added 
in  the  last  column  the  coefficients  of  tensile  elasticity,  obtained  by 

*  Rep,  of  Iron  Com.,  A  pp.,  p.  109. 

t  Idem,  p.  128. 

:;:  idem,  pp.  59,  51 ;  and  Cluk  on  the  Tubular  Bridges,  p.  379. 
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no  abrupt  change  in  the  tensile  elasticity  of  cast-iron  up  to  6*5  tons 
per  square  inch,  and  possibly  up  to  the  limit  of  rupture,  the  mean 
of  which  for  the  4  irons  experimented  on  was  7  014  tons  per  square 
inch. 

By  the  aid  of  Tables  I.  and  II.  we  can  easily  find  approximately 
the  decrement,  increment,  or  set  of  cast-iron  bars  of  any  section. 

Ex.  The  compression  flange  of  a  new  cast-iion  girder,  40  feet  long,  which  has  not 
been  previously  strained,  will  be  shortened  by  an  inch-strain  of  6  tons  by  an  amount 
equal  to  40  X  0*0130513  =  0*522052  inch,  and  its  set,  or  residual  decrement  of  length 
after  the  load  has  been  removed,  will  equal  40  X  00011798  =  0*047192  inch.  If  the 
whole  of  this  set  were  permanent,  which  however  is  problematical,  the  flange  would  be 
permanently  shortened  by  this  amount,  and  on  any  subsequent  application  of  the  same 
load  its  new  decrement  of  length  would  -=  0*522052  —  0*047192  =  0*474860  inch. 

408.  Hod|pklnson*s  fbrmulie  fbr  the  ineremeiit  of  lenprth 
and  set  of  east-iron  in  tension. — The  following  formula  was 
deduced  by  Mr.  Hodgkinson  from  his  experiments  on  the  ex- 
tension of  the  four  different  irons  just  described,  to  express  the 
relation  between  the  load  and  the  corresponding  increments  of 
length  in  cast-iron  bars  1  inch  square  and  of  any  length.* 

X=Z{-00239628-V'00000574215--000000000343946W}     (245) 
Where  X  =  the  increment  of  lengtlj  in  inches, 
I  =  the  total  length  in  inches, 
W  =  the  weight  in  lbs.  extending  the  bar. 
The  tensile  set  of  bars  10  feet  long  is  as  follows : — 

Tensile  set  in  inches  =  -OlOSX  +  •64X*  (246) 

408.  Coefficients  of  tensile^  eompressiTe  and  transTerse 
elasticity  of  east-iron  dllK^rent. — On  comparing  Tables  I.  and 

II.  it  will  be  observed  that,  though  the  mean  of  the  coefficients  of 

compressive  elasticity  up  to  14  tons,  and  of  tensile  elasticity  up 

to  5  tons,  per  square  inch  are  substantially  the  same,  namely, 

12,000,000  ft>s.  per  square  inch,  the  several  coefficients  themselves 

differ  materially,  especially  as  they  approach  the  limit  of  tensile 

strength ;  for  instance,  at  6  tons  per  square  inch  the  coefficient  of 

compressive  elasticity  is  1*25  times  that  of  tensile  elasticity.     The 

coefficients  of  transverse  elasticity  derived  from  experiments  on  a 

*  J^p.  of  Iron  Com,,  4l>p.,  pp.  60, 108. 
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moderate  and  on  the  ultimate  deflection  of  a  rectangular  bar  of 
Blaenavon  iron,  broken  by  transverse  pressure,  are  also  different, 
though  they  closely  approach  the  limiting  coe£9cients  of  tensile 
elasticity  in  Table  II.     See  ex.  in  985,  also  S46. 

404.  Inerement  of  length  and  set  of  cast-iron  extended 
a  second  time — Relaxation  of  set — ^¥lscld  elasticity. — ^Mr. 
Hodgkinson  made  a  second  series  of  experiments  on  the  extension 
of  some  parts  of  the  coupled  bars  which  were  strained  nearly  to 
their  breaking  point,  but  had  escaped  actual  rupture  at  the  first 
trial.*  Their  total  increments  of  length  on  the  second  trial, 
though  very  nearly  the  same  as  before,  were  slightly  less  for  the 
higher  loads.  It  might  perhaps  be  supposed  that  bars  once 
stretched  would  not  again  take  a  set,  provided  the  second  load  did 
not  exceed  that  previously  applied.  This,  however,  was  not  the 
case,  for  the  barstook  sets  again,  though  in  general  less  than 
before,  th^ir  mean  ultimate  set  being  nearly  half  that  on  the  first 
trial.  It  is  very  probable  that  casi-iron,  and  also  other  materials, 
recover  a  portion  of  the  set  when  the  strain  producing  it  is 
relaxed  for  some  time — ^in  fact,  that  there  exists  a  sort  of  sluggish 
elasticity,  due  perhaps  to  a  certain  viscidity  of  the  material. 
Possibly,  constant  repetitions  or  long  continuation  of  strain  would 
render  the  set  permanent.  Experiments  alone  can  settle  these 
points,  which,  however,  have  more  interest  for  the  physicist  than 
practical  importance  for  the  engineer. 

405.  Set  of  cast-iron  bars  flrom  traasrerse  strain  nearly 
proportional  to  square  of  deflection. — The  set  of  cast-iron 
bars  subject  to  transverse  strain  is  nearly  proportional  to  the 
square  of  their  deflection,  though  somewhat  less,  and  may  be 
expressed  approximately  by  the  following  formula  deduced  by  Mr. 
Hodgkinson  from  his  experiments  on  rectangular  bars  of  Blaenavon 
cast-iron  bent  transversely  by  a  load  in  the  middle,  f 

D* 

Transverse  set  in  inches  =  ^y^  (2*7) 

in  which  D  represents  the  deflection  of  the  bar  in  inches. 

*  J2gx  of  Iron  Com,^  App,,  p.  61. 
t  IlncLt  p.  69. 
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WBOUGHT-IRON. 

406.    Ilecremeiit  of  lenfrth  of  wrooyht-lroii  in  coBiprai- 
bIob — C3oelllcleiit  of  compreMilTe  elasticity — ^Elastic  limit. — 

The  following  table  contains  the  results  of  experiments  bj  Mr. 
Hodgkinson  on  the  compression  of  two  wrought-iron  bars  10  feet 
long  and  1  inch  square  nearly,  the  weights  increasing  at  first  by  2 
tons  and  afterwards  by  1  ton  at  a  time.* 

TABLE  ni— Dkosbments  of  Lbvoth  of  Wbouoht-ibov  Babs  10  Fm  Loho 

AND  1   IirCH  SgUABl  HSABLT. 


Bar  1. 

ATM  of  section  =  1  •035  x  1*026  =  1-0606 

square  inches. 

Bar  2. 

Are*  of  section  =  1  -016  x  1-09  =  l-QQ$t 

square  inches. 

Weight 
compressing 

Total 

Decrements 

of  length. 

Decrements 
per  ton. 

•  Weight 
compressing 

Total 

Decrements 

of  length. 

Decrements 
per  ton. 

SWL       ■ 

inchet. 

• 
inchea. 

lbs. 

inches. 

inchei. 

5098 

•028 

5098 

•027 

— 

9578 

•052 

•012 

9578 

•047 

•010 

14058 

•078 

•0105 

14058 

•067 

•010 

16298 

•086 

•012 

— 

— 

— 

18588 

•096 

•Oil 

18538 

•089 

•oil 

20778 

•107 

•Oil 

20778 

•100 

•oil 

28018 

•119 

•012 

28018 

•113 

•018 

25258 

•ISO 

•Oil 

25258 

•128 

•015 

27498 

•142 

•012 

27498 

•143 

•015 

29738 

•154 

•012 

29738 

•163 

•020 

81978 

•174 

•020 

81978 

•190 

•027 

84218 

•214 

•040 

in  4  hour. 

•261 

•071 

— 

— 

— 

81978 

•269 

— 

— 

in  i  hour. 

•282 

— 

— 

— 

r 

repeated. 

•328 

In  the  foregoing  experiments  the  total  decrements  of  length 

*  Sep,  of  Iron  Com,,  App,,  p.  122. 
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increase  with  considerable  uniformity  in  proportion  to  the  weight, 
until  the  pressure  reaches  the  elastic  limit  of  about  12  tons  per  inch, 
after  which  irregular  bulging  begins,  the  amount  of  which,  no  doubt, 
will  depend  on  the  quality  of  the  iron,  the  hard  and  brittie  irons 
bulging  less  than  the  tough  and  ductile  kinds.  The  mean  decrement 
of  length  per  ton  per  square  inch  within  this  elastic  limit = '0000964 

=  TTfoT^th  of  the  original  length.      Hence,  the  coefficient  of 

compressive  elasticity  of  bar  iron  from  Hodgkinson^s  experiments 
==  10,376  tons  =  23,243,179  lbs.  per  square  inch.*  In  several 
experiments  made  by  the  '*  Steel  Committee"  on  the  compression 
of  iron  bars  10  feet  long  and  1^  inch  diameter,  the  mean  limit  of 
compressive  elasticity  was  12*32  tons  per  square  inch,  and  the  mean 

decrement  of  length  within  this  limit  was  -00007725,  =  ,  ^  q^gth 

of  the  original  length  for  each  ton,  which  makes  the  coefficient  of 
compressive  elasticity  of  these  particular  bars  =  12,945  tons  z= 
29,000,000  lbs.  per  square  inch,  or  very  nearly  equal  to  that  of 

steel,  t 

401.  Increment  of  lenirtb  and  met  of  wrooyht-iron  in 
tension — €.oelllelent  of  tensile  elastlelty — Elnstle  limit — 
Eifeets  of  coid-hardenlny  and  annealing  on  the  eUuitlelty 

off  Iron* — Table  IV.  contains  the  results  of  experiments  by  Mr. 
Hodgkinson  on  the  extension  and  set  of  two  bars  of  annealed 
wrought-iron  of  the  quality  denominated  "  best,*'  reduced  to  the 
standard  of  bars  10  feet  long  and  1  inch  square ;  their  real  dimen- 
sions were  as  follows  4 — 

Bar  1.  Bar  2. 

Length,  •        -        -    49  feet  2  inches,  -    50  feet. 
Mean  diameter,         -    *517  inch,    -        -    -7517  inch. 
Mean  area  of  section,    -2099  square  inch,    '44379  square  inch. 

*  J2g».  qf  Irtm  Oom.,  App»^  p.  172. 

f  ExpU.  on  Sud  and  Iron, 

t  Rep,  of  Iron  Cknn,,  Ajpp.,  pp.  47,  49. 
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TABLE  IV.— IvoaniBNTfl  or  Lbnoth  and  Tkitbili  Sets  of  Two  Ahsxaud 
*'BxR*'  Wbouobt-ibov  Babb»  10  FsET  Long  and  1  Inch  Squabi. 


BarL 

Bars. 

Weight  per 

■quwre  Inch  of 

section. 

Total 

Incrementa  of 

length. 

Seta 

Weight  per 

iqnare  inch  of 

section. 

Total 

Increments  of 

length. 

Seta. 

rtm. 

indies. 

inches. 

ihs. 

inches. 

indies. 

— 

— 

— 

1262 

-00620 

— 

2668 

•00986 

— 

2624 

•01150 

— 

6335 

'02227 

— 

3786 

•01690 

•00050 

8003 

•03407 

•000306 

6047 

•02240 

•00060 

10670 

•04666 

•000407 

6309 

•02772 

•00050 

13388 

1)6705 

•000609 

7571 

•08298 

•00046 

16006 

•06864 

•000610 

8883 

•03790 

-00060? 

18673 

• 

•07993 

•000813 

10095 

-04300 

•00060? 

21340 

•09193 

•001626 

11867 

•04864 

— 

24008 

•10486   ' 

•008966 

12619 

•06370 

•00070 

26676 

•12163 

•009966 

18880 

•05950 

— 

29343 

•16468 

•031424 

16142 

•06480 

— 

32011 

•26744 

— 

16404 

•06980 

— 

— 

•28271 
In  ft  mlnaten 

•13666 

17666 

•07530 

-00180 

84678 

•6148 

•36864 

18928 

•08170 

— 

87346 

1-0996 

1-01696 

20190 

•08740 

•00270 

Bepeftted. 

1-1949 

1-02966 

21452 

•09310 

— 

40013 

•220 
in  ft  mlnntei. 

1-098 

22718 

-09920 

•00410 

Repeated  and 
left  on. 

1-411 
after  1  boor. 

— 

23976 

•10570 

— 

n 

1-424 

afterShoorib 

— 

26287 

•11260 

•00680 

n 

1433 
after  8  honn. 

— 

26499 

•12040 

— 

M 

1-434 
after4lioiiii. 

— 

27761 

•12880 

•0120 

m 

1-436 
after  ft  hovn. 

— 

29028 

•14600 

— 

ft 

1-437 
after  6  honriL 

— 

30286 

-1991 

— 
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TABLE  IV.— Inorxmsnts  of  Lbnoth  and  Txksilb  Ssts  of  Two  Avvsaled 
WBonoHT-iBON  Babs^  10  Febt  Long  and  1  inch  SquAVE—coiUmved, 


Barl. 

Bars. 

Weight  per 

Total 

Weight  per 

Total 

square  inch  of 

Increments 

Sets. 

square  inch  of 

Incremento 

Sete. 

section. 

of  length. 

section. 

of  length. 

Ibfl. 

inches. 

inches. 

lbs. 

inches. 

inchea. 

Repeated  and 

1*448 

— 

80285 

•2007 

>— 

left  on. 

after  7  hoars. 

after  ft  minutes. 

n 

1*448 
after  8  hours. 

— 

•» 

•2018 
after  10  minutes. 

•0736 

n 

1*443 
after  9  hours. 

»> 

-2054 
after  1ft  minutes. 

•0774 

99 

1*443 
after  10  hoars. 

««** 

Repeated. 

•2080 
nearly,  after  SO 
minutes. 

-0796 

42681 

2*148 
In  0  minutes. 

1*983 

» 

•2096 
after  1  hour. 

•0814 

Repeated. 

2*389 
in  6  minntes. 

^■^^ 

f» 

.     -2866 
after  bearing  the 
weight  17  hours 

•1082 

f9 

2*888 

2*212 

31546 

•242 

•1083 

W9 

In  10  minntes. 

after  1  hour. 

after  ft  minutes. 

Repeated. 

2*428 
after  46  hours. 

2*237 

Repeated. 

•2449 
after  6  minutes. 

-1111 

45848 

2*580 
after  ft  minutes, 

2*877 

82808 

•5506 

•4141 

Repeated. 

2*606 
after  1  hour. 

— 

Repeated. 

•7024 
after  ft  minutes. 

•5635 

t> 

2*606 
after :)  hoars. 

— 

w 

•7966 
after  10  minntes. 

•6558 

99 

2*606 
after  19  hours. 

2*403 

f* 

1*014 
after  al»ont|  hour. 

•866 

48016 

2*975 

2*788 

34070 

1*346 

>-. 

after  6  minutes. 

after  10  minutes. 

after  1  mlnote. 

Repeated. 

8*019 
after  1  hour. 

— 

>» 

1*400 
after  3  minutes. 

— 

If 

8*029 
after  11  houra 

— 

f* 

1-600 

1-44 

50684 

4*195 

8*941 

Repeated. 

1-65 

— 

■ 

In  10  minntesL 

IfilOminutesL 

after  1  mlnote. 

Repeated. 

4*226 

— 

>f 

1*786 
after  1  hoar  or  less. 

1-628 

M 

4*227 
in  7  hours. 

— 

35332 

2*04 
after  ft  minutes. 

1-874 

n 

4-227 
In  19  hoars. 

— 

Repeated. 

218 
after  ft  minutes. 

201 

58851  =  j 
28*817  tons,  j 

Brolce  at  one 

of  the  "weld- 

M 

2*254 

2*08 

Ings"  where  the 

re  was  a  sliffht 

Wm 

defect;  perhaps 
weight  woald  hai 

a  rather  smaller 
rehrokenit. 

86594 

2-54 

after  <  minntea 

— 

37856  s  ) 
16-9  tons.   { 

2*894 

The  loop  at  thi 
of  the  rod  harli 
the  experiment  ^ 
tinned. 

tower  end 
ig  broken, 
irssdlseon* 

tSi^'-tiiimt&aSu.r.  [chap.  xnii. 

$' W^3  il'^S-'^H^^' ji&>"^"  inferred  that  the 
|(#nS  l^aif  ^iWAOOtbe-  =  ^^M^  tonB  per 
'  T«i*'a^H|f  t8TOS4i$city.  it  *'"  ^  observed. 

ibHt.S^BiJAit^C^&lcorrespondiiig  incrementa 
S4iu?J&|ilSil^^ing  table  are  exhibited 
'g]aiiMgj^ggjTjtf&  H)»SA''JBt£l^Ki  ordinates  represent  the 
^^^^S^al£tlOJSd  W  llSrfiS  gmfw^iM   the  absciesas  the  corre- 


l-ISOM   IH  TlHSIOV. 


>I^  bridges.     Though  not 
l^d  from  Mr.  Hodgkinson's 


:  -»■-»•-*•• 
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TABLE  v.— IHOMMIHT  OF  LiKOTH  AOT)  TeKSILI  SET  OF  A  NlW  WBODOHT-IROir 

Bab,  10  Fbxt  Loho  and  1  Inoh  Squabe. 


TODB 

per 
square 
inch. 


1 
2 
8 
i 
6 
6 
7 
8 
9 

10 
11 
12 
18 

14 

16 
16 

17 
18 
19 
20 
21 
22 


Obaerred  ezteiwioB 

in  terma  of  the 

length. 


•0000689 

•000166 

'000238 

•000819 

•000899 

•00048 

•00056 

•00064 

•00072 

•00080 

'000896 

•00102 

•00128 

•00218 

in  ten  minutes 

•00231 

•00416 

•00448 

•00984 

in  ten  minntes 

•01016 

•01024 

in  ten  minntes 

•01212 

•01785 

in  ten  minutee 

•02017 

•02124 

in  ten  minutes 

•02146 

•02429 

in  ten  minutes 

•02472 

•08400 

in  ten  minutes 

•08426 


Computed 

extension 

assumed 

uniform  at 

TTnftnre 

of  the  length 

per  ton 

per  square  inch. 


•00008 
•00016 
•00024 
•00082 
•00040 
•00048 
■00066 
•00064 
•00072 
•00080 
•00088 
•00096 
•00104 

•00112 

•00120 
•00128 

•00136 
•00144 
•00152 
•00160 
•00168 
•00176 


Correaponding 

extension  in 

fractional  parts 

of  the  length 

computed  at 

per  ton  pAT 
square  inch. 


H&OO 

TRoTJ 

TSTff 

ih 


Obserred  set 
in  terms  of 
the  length. 


•00000218 
•00000288 
•00000356 
•00000427 
•00000497 
•00000650 
•00001201 
•00001334 
•00003392 
•00008368 
•0002598 

•0011076 

•002976 
•0003175 

•008750 
•009170 
•018690 
•019790 
•022810 
•081988 


Obserred  set 
in  fractional 

parts  of 
the  length. 


VFWTSTS 

tWbtt 

ftOlOOS 

rsjVxa 

94051 
llVftO 

■ffoT 


ToV 
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The  foregoing  tables  and  the  diagram  show  that  the  increment 
of  length  of  annealed  wrought-iron  in  tension  increases  with  great 
umformity  in  proportion  to  the  weight,  and  nearly  equals  '00008, 

=  1  fc>  KnA^^  ^^  *^®  length  for  each  ton  per  square  inch  up  to  11  or 

12  tons,  after  which  the  law  suddenly  changes,  and  rapid  and 
i-ather  irregular  stretching  begins,  the  amount  depending,  no  doubt, 
on  the  quality  of  the  iron,  i.e.,  its  hardness  or  ductility. 

Mr.  Barlow  also  made  several  experiments  on  bars  of  wrought-iron, 
from  which  he  inferred  that  its  limit  of  tensile  elasticity  is  about 

10  tons  per  square  inch,  and  that  it  extends  '000096  =         ^th 

of  its  length  for  each  ton  within  this  limit.*    In  experiments  made 

by  the  "  Steel  Committee"  on  10  feet  lengths  of  iron  bars,  1^ 
inches  diameter,  the  mean  limit  of  tensile  elasticity  was  12*7  tons 
per  square  inch,  and  the  mean  increment  of  length  within  this 

limit  was  '0000784  =  To~7rT*^  ^^  ^^^  ori^nal  length  for  each  ton 

per  square  inch. 

General  Morin  also  made  some  experiments  on  fine  charcoal 
iron  wire,  and  found  that  the  process  of  hardening  wire  by  cold 
drawing  increased  its  limit  of  elasticity  to  about  19  tons  per  square 
inch,  while  the  coefficient  of  elasticity  remained  the  same  as  that 
of  ordinary  bar  iron,  viz.,  12,473  tons  per  square  inch.  Annealing 
iron  wire  had  the  effect  of  reducing  its  coefficient  of  tensile  elasticity 
to  10,009  tons  per  square  inch.f  We  may  conclude  from  these 
various  experiments  that  the  elastic  limit  and  the  coefficient  of 
elasticity  of  wrought-iron  vary  considerably  with  the  quality  and 
condition  of  the  iron,  but  for  practical  purposes  we  may  generally 
adopt  12  tons  as  the  limit  of  elasticity,  and  24,000,000  fibs.,  =  10,714 
tons  per  square  inch,  as  the  coefficient  of  elasticity  of  ordinary  plate 
and  bar-iron,  either  in  tension  or  in  compression,  though  sometimes 
it  may  reach  29,000,000  B>8. ;  the  former  is  equivalent    to    an 

*  Sttmgih  ofMateriali,  p.  815. 

t  Proe,  ImL  C.  S.,  Vol  xzz.,  p.  261. 
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1 

alteration  of  .^  ,   .th  =  000093  of  the  original  length  for  each 

ton  per  square  inch. 

408.  filastle  flexibility  of  east-lron  twiee  that  of  wrooffht- 
Iron — ^Law  of  elasticity  truer  Ibr  wrooyht  than  fbr  east- 
Iron. — Comparing  the  coefficients  of  elasticity  of  cost  and  wrought- 
iron,  we  find  that  the  elastic  flexibility  of  cast-iron  is  nearly  twice 
as  great  as  that  of  wrought-iron,  that  is,  the  alteration  of  length 
from  the  same  unit-strain  is  nearly  twice  as  great  in  cast  as  in 
wrought-iron ;  in  other  words,  wrought-iron  is  nearly  twice  as  stiff 
as  cast-iron.  On  this  account  a  girder  of  cast-iron  will  deflect 
nearly  twice  as  much  as  a  similar  one  of  wrought-iron,  provided 
the  flanges  of  both  girders  are  subject  to  the  same  unit-strains.  It 
will  also  be  observed  that  Hookes'  law  of  the  proportionality  of  the 
loads  to  the  changes  of  length  they  produce  is  less  exact  for  cast 
than  for  wrought-iron  within  the  limits  of  elasticity. 

4II0.  Stlffiiefls  of  Imperfeetly  elastic  materials  ImproTed 
Iby  stretchings — ^Practical  method  of  stIlVenIng  wronght-lron 
hars — lilmit  of  elasticity  of  wronght*lron  equals  It  tons  per 
sqnare  Inch — ^Proomitraln  should  not  exceed  the  limit  of 

elastlctly. — When  an  imperfectly  elastic  material  has  received  a 
permanent  set  from  the  application  of  any  weight  which  is  sub' 
sequently  removed,  the  material  becomes  more  perfectly  elastic 
than  before  within  the  range  of  strain  which  first  produced  the  set, 
and  its  alteration  of  length  per  imit  of  strain  is  less  than  at  ^rst. 
When,  for  instance,  a  girder  is  tested  for  the  first  time,  its  deflection 
exceeds  that  produced  by  a  subsequent  application  of  the  same  load. 
Hence,  the  common  practice  of  *'  stretching**  girders  by  heavy 
loads  before  their  final  inspection.  In  compound  structures,  such 
as  lattice  girders,  some  of  the  initial  deflection  may,  perhaps,  be 
attributed  to  the  separating  or  closing  together  of  the  numerous 
joints  on  the  first  application  of  a  heavy  load,  though  probably  the 
greater  portion  is  due  to  the  straightening  of  parts  in  tension 
originally  constructed  a  little  out  of  line.  The  ultimate  deflection 
of  a  bar  of  soft  wrought-iron  subject  to  transverse  strain  is  very 
considerable,  and  when  the  useful  load  which  such  a  bar  will  carry 
is  determined  by  the  amount  of  deflection  rather  than  by  its 
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breaking  weight,  its  useful  strengtb,  i,e.,  its  stiffiiess,  may  be  much 
increased  by  giving  it  a  considerable  camber  when  at  a  dull  red 
heat,  and  afterwards  straightening  it  when  cold.  Such  a  bar,  as 
far  as  deflection  in  the  direction  in  which  it  was  straightened  is 
concerned,  is  stronger  than  before.*  For  practical  purposes  the 
limit  of  elasticity  of  wrought-iron,  as  already  stated,  does  not  exceed 
12  tons  per  square  inch,  and  though  higher  strains  than  this  may 
not  in  the  least  diminish  its  ultimate  strength,  yet  they  will  take  the 
"  stretch"  out  of  the  iron  and  may  thus  render  what  was  originally 
tough  and  ductile  metal  so  hard  and  brittle  as  to  be  seriously 
injured  for  many  purposes.  A  tough  quality  of  iron  will  evidently 
sustain  sudden  shocks  with  greater  impunity  than  brittle  iron,  and 
previous  over-straining  may  perhaps  thus  explain  the  unexpected 
rupture  of  chains  with  suddenly  applied  loads  considerably  below 
their  statical  breaking  weight.  For  instance,  sudden  jerks  from 
surging  may  double  the  usual  safe  working  strain  of  a  chain  and 
thus  strain  it  temporarily  beyond  its  limit  of  elastic  reaction.  This 
frequently  repeated  will  produce  permanent  elongation  and  render 
the  chain  brittle  until  it  has  been  annealed  (857).  These  con- 
siderations show  that  the  proof-strain  of  wrought-iron  should  not 

exceed  its  limit  of  elasticity. 

•  410.  Kxperimento  on  elastlelty  liable  to  error — Slonttoii 
or  Tiseid  elasticity. — Scientific  conclusions  derived  from  experi- 
ments qn  the  elasticity  of  materials  in  which  the  effect  of  previous 
strain  is  overlooked  are  evidently  worthless,  and  it  should  be  recol- 
lected that  time  ought  to  be  allowed  after  each  experiment  in  order 
to  let  the  material  adjust  itself  to  the  new  condition  of  strain, 
especially  when  the  load  approaches  the  limits  of  rupture,  in  which 
case  the  deformation,  or  change  of  form,  may  continue  for  a  con- 
siderable time  after  the  load  is  laid  on,  especially  if  aided  by 
vibration.  Referring  to  the  Britannia  and  Conway  Tubular  Bridges 
Mr.  Clark  observes,  "  In  all  the  tubes  a  considerable  time  elapsed 
before  they  attcuned  a  deflection  which  remained  constant.  Time 
is  an  important  element  in  producing  the  ultimate  permanent  set 

*  Clark  on  the  TuMar  Bridget,  p.  449. 


CHAP.  XVIII.]  BLASTIOITY  AND  SET.  381 

in  any  elastic  material;  but  when  the  permanent  set  due  to  the 
strain  is  once  attained,  the  continuance  of  the  same  strain  induces 
no  further  deflection,  which  is  confirmed  by  the  fact,  that  no  sub- 
sequent change  has  occurred  in  the  deflection  of  the  Conway 
Bridge  from  two  years  of  use,  nor  has  any  increase  in  the  versed 
sine  of  the  Menai  Suspension-bridge  taken  place  in  twenty-five 
years,  where  the  strain  is  greater  than  in  the  plates  of  the  Conway 
Bridge,  and  liable  to  be  considerably  varied  fix)m  the  oscillation 
which  occurs  in  gales  of  wind.  The  permanent  strain  in  the 
Britannia  Bridge  is  under  three-fifths  of  that  in  the  Suspension 
Bridge.  The  effect  of  time  in  producing  permanent  elongation  has 
been  also  observed  at  the  High  Level  Bridge  (Newcastle-upon- 
Tyne),  where  the  wrought-iron  tie-chains,  which  resist  the  thrust 
of  the  arches,  although  under  much  less  stnun  than  the  above, 
continued  to  extend  for  a  considerable  period  before  they  attained 
a  set  at  which  they  remained  constant.  These  motions  are  so 
extremely  minute  that  they  are  only  ascertainable  in  large  rigid 
structures,  where  they  are  measured  by  the  corresponding  increase 
of  deflection."* 

The  residual  set,  after  the  strain  has  been  removed,  also  takes 
time  to  adjust  itself  to  a  permanent  condition,  and  some  crude 
experiments  of  my  own  tend  to  prove  that  the  set  of  wrought-iron 
relaxes  to  a  considerable  extent,  even  after  the  lapse  of  several  days 
after  the  strain  has  been  removed* 

STEEL. 

411.  liaw  of  eUwtlclty  trae  for  mteei — €3o«lllcieiit  and  Umit 
of  elasticity  of  steel. — Numerous  experiments  made  by  the 
'*  Steel  Committee"  prove  that  the  law  of  elasticity  applies  to 
steel  with  great  exactitude  within  the  limit  of  elastic  reaction 
which  for  practical  purposes  is  about  21  tons  per  square  inch  both 
for  tension  and  compression  (908  and  S50).  Within  this  limit  the 
mean  decrement  of  length  per  ton  per  square  inch  from  compression 

=  '0000743  =  ToTeqth  of  the  original  length,  and  the  mean 

4 

*  Clark  on  tU  Tulmlar  Bridgti,  p.  671. 
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increment  from  extension  =  '0000764  =  i  o  aqq^^  ^^  *^®  original 

length.  Taking  the  mean  of  these,  the  coefficient  of  either  tensile 
or  compressive  elasticity  =  13,274  tons  =  29,783,760  tt>s.  per 
square  inch.  From  Sir  William  Fairbaim's  experimentis  on  deflec- 
tion under  transverse  strain,  the  coefficient  of  transverse  elasticity 
=  31,000,000  ibs.  (S50).  For  practical  purposes  we  may  assume 
30,000,000  lbs.,  =:  13,393  tons  per  square  inch,  as  the  coefficient 
of  elasticity  of  steel,  which  is  25  per  cent,  greater  than  the 
usual  coefficient  for  wrought-iron,  though  the  latter  sometimes 
approaches  29,000,000  lbs.,  or  very  closely  that  of  steel. 

TIMBER. 

419.  lilmit  of  elasticity  of  timber  not  aceorately  de- 
fined— C^oelllclent  of  elasticity  depends  on  the  dryness  of 
the  timber. — Experiments  on  timber  by  MM.  Chevandier  and 
Wertheim  lead  them  to  form  the  following  conclusions.* 

1°.  The  density  of  timber  appears  to  vary  but  slightly  with  age. 

2^.  The  coefficient  of  elasticity,  on  the  contrary,  diminishes 
beyond  a  certain  age  and  depends  on  the  dryness  and  aspect  as 
well  as  the  nature  of  the  soil  in  which*  the  trees  grow,  northerly 
aspects  and  dry  soils  raising  the  coefficient. 

3^.  The  coefficient  of  elasticity  is  not  sensibly  affected  by  cutting 
trees  before  or  after  the  sap  is  down. 

4^.  Properly  speaking,  there  is  no  true  limit  of  elasticity,  as 
there  is  always  a  permanent  set  along  with  an  elastic  elongation. 

5^.  The  limit  of  elasticity  rises  with  the  dryness  of  the  timber,  and 
wet  timber  takes  a  permanent  set  more  readily  than  dry  timber. 

6°.  In  timber  artificially  dried  in  a  stove,  the  limit  of  elasticity 
coincides  nearly  with  the  limit  of  rupture,  i.^.,  such  timber  takes 
scarcely  any  permanent  set. 

7^.  Artificial  drying  greatly  increases  the  stiffiiess  of  timber. 

STONE. 

41S.  ¥ltreoas  materials  take  no  set. — It  is  stated  by  Dr. 
Kobinson  that  '^bard  bodies  of  an  uniform  glassy  structure,  or 

*  Morin,  Rinttance  du  MaUriaua,  p.  37. 
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granulated  like  stones,  are  elastic  through  the  whole  extent  of  their 
cohesion,  and  take  no  set,  but  break  at  once  when  overloaded."* 
It  may  be  doubted  whether  this  is.  true  of  all  granulated  bodies 
like  stones,  for  Mr.  Mallet,  referring  to  his  experimeiits  on  crushing 
small  cubes  of  quartz  and  slate  rock  from  Holyhead,  0*707  inch 
upon  each  edge,  observes,  ^'  the  per-saltum  way  in  which  all  the 
specimens  of  both  rocks  yield,  in  whatever  direction  pressed,  is 
another  noteworthy  circumstance.  The  compressions  do  not  con- 
stantly advance  with  the  pressure,  but,  on  the  contrary,  the  rock 
occasionally  suffers  almost  no  sensible  compression  for  several 
successive  increments  of  pressure,  and  then  gives  way  all  at  once 
(though  without  having  lost  cohesion,  or  having  its  elasticity  per- 
manently impaired),  and  compresses  thence  more  or  less  for  three 
or  four  or  more  successive  increments  of  pressure,  and  then  holds 
fast  again,  and  so  on.  This  phenomenon  is  probably  due  to  the 
mass  of  the  rock  being  made  up  of  intermixed  particles  of  several 
different  simple  minerals,  having  each  specific  differences  of  hard- 
ness, cohesion,  and  mutual  adhesion,  and  which  are,  in  the  order 
of  their  resistances  to  pressure,  in  succession  broken  down,  before 
the  final  disruption  of  the  whole  mass  (weakened  by  these  minute 
internal  dislocations)  takes  place.  Thus  it  would  appear  that  the 
micaceous  plates  and  aluminous  clay-particles  interspersed  through 
the  mass  give  way  first.  The  chlorite  in  the  slate,  and  probably 
felspar-crystals  in  the  quartz-rock,  next,  and  so  on  in  order,  until 
finally  the  elastic  skeleton  of  silex  gives  way,  and  the  rock  is 
crushed.  It  is  observable,  also,  that  this  successive  disintegration 
does  not  occur  at  equal  pressures,  in  the  same  quality  and  kind  of 
rock,  when  compressed  transverse  and  parallel  to  the  lamination."  f 
Hookes'  law  probably  applies  up  to  the  limit  when  the  first  crush- 
ing of  the  weakest  ingredient  occurs.  What  takes  place  afterwards 
corresponds  with  the  intermittent  way  in  which  wrought-iron  in 
tension  stretches  once  the  limit  of  elasticity  has  been  passed. 

*  Encye.  Mdr.,  Sth  ed.,  art  *<  SirengOi  of  Hateriak,"  Vol.  xz.,  p.  756. 
t  PkiL  Tram,,  1862,  p.  669. 
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414.  Arches  camber^  saspension  bridges  deflect^  and 
girders  elongate,  firom  elevation  of  temperatore— £x|MUiMan 
rollers. — Changes  of  temperature  affect  bridges  very  differently 
according  to  their  mode  of  construction.  An  increase  of  tem- 
perature causes  the  crowns  of  iron  arches  which  are  confined 
between  fixed  abutments  to  rise,  and  the  spandrils  to  extend 
lengthways,  chiefly  along  their  upper  flange  or  horizontal  member; 
hence,  room  for  longitudinal  expansion  should  be  provided  by 
leaving  a  vertical  space  between  the  ends  of  the  spandrils  and  the 
masonry  of  the  abutments  above  springing  level.  When  iron 
arches  extend  over  several  spans,  the  spandrils  of  the  different 
spans  should  not  be  rigidly  connected  together  like  continuous 
girders,  for  then  their  expansion  may  cause  a  dangerous  crushing 
strain  along  the  vertical  line  of  junction  and  throughout  the 
horizontal  member,  a  portion  of  which  strain  will,  no  doubt,  be 
transmitted  to  the  ribs  themselves.  When,  therefore,  it  is  con- 
sidered desirable  to  connect  together  the  spandrils  of  consecutive 
iron  arches,  this  should  be  effected  by  sliding  covers,  or  some 
similar  contrivance,  which,  though  they  restrain  lateral  motion,  yet 
will  allow  perfect  freedom  for  changes  of  length.  The  rise  in  the 
crown  of  one  of  the  cast-iron  arches  of  Southwark  Bridge  was 
observed  by  Mr.  Rennie  to  be  about  1'25  inches  for  a  change  of 
temperature  of  50°F ;  the  length  of  the  chord  of  the  extrados  is 
246  feet  and  its  versed  sine  is  23  feet  1  inch;  accordingly,  the 
length  of  the  arch,  which  is  segmental,  is  3020*8  inches.*  The 
cast-iron  bridge  of  Charenton,  whose  span  and  versed  sine  are  35  and 

•  Trcm$.  Jngk  C.  B.,  VoL  iii,  p.  201. 
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4  metres  respectively,  has  been  observed  to  rise  14  millimetres 
(*55  inch)  on  the  side  exposed  to  the  west  from  an  elevation  of 
14°C.  in  the  temperature  of  the  air.* 

Stone  arches  are  affected  in  a  similar  way  to  iron  arches.  With 
increased  temperature  the  crown  rises  and  joints  in  the  parapets 
open  over  the  crown,  while  others  over  the  springing  dose  up. 
The  reverse  takes  place  in  cold  weather;  the  crown  descends,  joints 
over  the  springing  open  and  those  over  the  crown  close.  When 
stone  or  iron  arches  are  of  large  span  these  movements  from  changes 
of  temperature  will  generally  dislocate  to  a  certain  degree  the 
flagging  and  pavement  of  the  roadway  above.  This  is  very  con- 
spicuous in  Southwark  Bridge. 

An  increase  of  temperature  causes  suspension  bridges  to  deflect, 
just  the  reverse  of  what  happens  with  arches.  Girders,  which  exert 
only  a  vertical  pressure  on  the  points  of  support,  extend  longi- 
tudinally under  the  same  influence,  and  on  this  account  it  is  usual 
in  long  bridges  to  provide  expansion  rollers,  or,  if  the  span  be 
moderate,  sliding  metallic  surfaces,  under  one  end  of  each  main 
girder.  It  may  be  questioned,  however,  whether  sliding  surfaces 
remain  long  in  working  order,  and  some  engineers  prefer  timber 
waU-plates  beneath  the  ends  of  the  girder,  even  when  the  span 
reaches  150  feet.  In  place  of  being  supported  by  rollers,  which  are 
apt  to  set  fast,  girders  are  sometimes  hung  from  suspension  links,  the 
pendulous  motion  of  the  links  affording  the  requisite  longitudinal 
movement  due  to  change  of  temperaturcf  The  chains  of  suspen- 
sion bridges  are  generally  attached  to  saddles  which  rest  on  rollers 
on  top  of  the  towers;  the  object  of  these,  however,  is  rather  to 
compensate  for  unequal  loading  than  for  changes  of  temperature. 

415.  JJteratlon  of  lennrth  ft^m  chann^  of  temperatore — 
C^elllclentfl   of  linear  expansion. — The  coefficient  of  linear 

*  Morin,  lUnttanoe  det  MaUriaua^  p.  116. 

t  Expansion  rollers  were  placed  under  one  end  of  each  principal  of  the  roof  over 
the  New-street  Station,  Birmingham,  212  feet  span ;  the  other  end  was  attached  to 
cast-iron  columns.  The  rollers  did  not  moye,  but  the  oolomns  rocked  0*01917  inches 
for  each  degree  Fahrenheit — (Proe,  Intt.  C.E^  YoL  xiv.,  p.  261.)  Expansion  rollers 
were  also  placed  nnder  one  end  of  each  of  the  crescent-shaped  principals  of  the  old 
lime-street  Station^verpool,  1634  feet  span,  but  did  not  act — (/<2em,  YoL  ix.f p.  207.) 
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expansion  of  any  material  is  the  fractional  part  of  its  length  at  zero 
centigrade  which  it  elongates  or  shortens  from  a  change  of  one  unit 
of  temperature,  generally  l^C.  The  alteration  of  length  for  other 
changes  of  temperature  is  expressed  by  the  following  equation  : — 

X  =  niZ  (248) 

Where  I  =  the  length  of  the  bar  at  0°C., 

k  =:  the  coefficient  of  linear  expansion  of  the  material  for 

one  degree  centigrade, 
n  =  the  number  of  degrees  through  which  the  temperature 

of  the  bar  is  raised  or  lowered, 
X  =  the  increment  or  decrement  of  length  due  to  a  change 
of  temperature  equal  to  n  degrees. 

Ex.  The  total  length  of  the  Britannia  wrought-iron  tubular  bridge  is  1,510  feet»  and 
an  increase  of  temperature  of  26°F.  caused  an  increase  of  length  of  3}  inches,  what  is 
the  oo^cient  of  linear  expansion  of  the  tube  for  1**C. ! — {Clark,  p.  715.) 

Here,        I  =  1510  feet  =  18120  inches, 
n  =  26'F.  =  14-4rC., 
\  =  3-25  inches. 

=  0-000012421  inch. 


AnnotTf  A;  ^  — ;  =  -— — - — -  — -^^ 
nl      14-44X18120 


which,  it  will  be  obsenred,  agrees  closely  with  the  coefficient  of  expansion  of  wrought- 
iron  in  the  table  below. 

The  following  table  contains  the  coefficients  of  linear  expansion 
of  various  materials  for  one  degree  centigrade. 

TABLE  I. — Coefficients  of  Linear  Expansion  for  1°C. 


Description  of  MaterisL 

Authority. 

Cooffidents 
of  linear 

expanaioii 
torl^a 

Met  A  La. 

Antimony,          ----- 

Bismuth,            .           .           .           -           . 

Brass  (snppoeed  to  be  Hamburg  plate  brass),    - 

Do.  (English  plate,  in  form  of  a  rod), 

Smeaton, 

Da 
Eamsden, 

Do. 

-000010838 
•000013917 
-000018554 
-000018928 

NonCL — One  degree  Fahrenheit  =  (ths  of  one  degree  centigrade.  To  oonyert  a 
given  temperature  on  Fahrenheit's  scale  to  the  corresponding  temperature  oentigrade» 
subtract  32^.,  and  multiply  the  remainder  by  |^  Thus,  the  temperatwre  of  86^F.  = 
SO^C,  bat  a  twige  of  dO^F.  =  48^C.,  nearly. 
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TABLE  L — GoEmciKNTS  of  Linkab  Expavsior  fob  1^0. — conHnued. 


Descripiion  of  MateriiiL 


Authority. 


Metals. 
Braiss  (EsgliBh  plate,  in  fonn  of  a  trough), 

Do.  (cast),        -  -  -  . 

Da   (wire),       -  -  -  - 

Copper,  ----- 

Da 

Gold  (de  depart) 

Da  (standard  of  Paris,  not  annealed). 

Da  (  da  annealed). 

Iron  (cast),         .  .  .  - 

Da  (from  a  bar  cast  2  inches  sqnare), 

Do.  (  da  1  an  inch  square). 

Da  (soft  f oi^ged). 

Do.  (round  wire),  ... 

Da  (wire),        -  .         - 
Load,      -  -  -  .  . 

Da, 

Palladium,          .... 
Platina» 

Da, 

Silver  (of  Cupel), 

Da    (Paris  standard),  • 

Do,       -  -  -  -  - 

Solder  (white;  lead  2,  tin  1),     - 

Do.    (spelter ;  copper  2,  zinc  1), 
Speculum  metal,  ... 

Steel  (untempered), 


Ramsden, 
Smeaton, 
Do. 


Coefflcienta 
of  linear 

expansion 
lor  1»C. 


-000018949 
•000018750 
-000019838 


Laplace  &  Lavoisier,    -000017122 


Da 

Do. 

Da 

Do. 
Ramsden, 
Adie, 

Da 
Laplaoe&  Lavoisier, 

Do. 
Troughton, 
Laplace  &  Lavoisier, 
Smeaton, 
Wollaston, 
Dulnng  &  Petit,   • 
Troughton, 
Laplace^  Lavoisier, 

Do. 
Troughton, 
Smeaton, 

Da 

Da 
Laplace  k  Lavoisier, 


•000017224 
•0000U661 
-000015518 
•000015186 
•000011094 
•000011467 
•000011022 
•000012204 
•000012350 
•000014401 
•000028484 
•000028667 
•000010000 
•000008842 
•000009918 
•000019097 
•000019087 
•000020826 
•000025053 
•000020583 
•000019333 
•000010788 
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TABLE  I.— CoBFFioiiHTS  OJ  LiBTBAB  ExFAHBiov  FOB  l^C.—ecmtuiued. 


. ,_    ^ 
Coeffldonts 

Deseriiytion  of  UaterUL 

Authority. 

of  llneftT 

ezpandoii 

forVC 

MVTALa. 

• 

steel,  (tempered  yellow,  annealed  at  66«>C.),     - 

Laplaoe  &  Lavoisier, 

•000012396 

Do.  (bHatered),             .... 

Smeaton, 

-000011500 

Do.  (rod),          -           -           -           -           - 

Bamsden, 

•000011447 

Tin  (from  Malacca),       .... 

Laplace  &  Lavoisier, 

•000019376 

Do.  (from  ralmouth), 

Do. 

•000021730 

Zinc^       ------ 

Smeaton, 

•000029417 

Tdcbeb. 

Baywood,  in  the  direction  of  the  grain,  dry. 
Deal,           do.            da            do. 

Jonle, 
Do.      - 

•00000461  to 
•00000566 
•00000428  to 
•00000438 

Stokb,  Brick:,  Glass,  Cbmbnt. 

Arbroath  pavement, 

Adie, 

•000008985 

Brick  (best  stock),          .... 

Do.      - 

-000005502 

Do.  (fire),         .            .           -           -           - 

Do.      - 

•000004928 

Caithness  pavement,       .           -           -           - 

Da      - 

•000008947 

Cement  (Roman),           .            .            .            - 

Do.      - 

•000014349 

Qlass  (English  flint),      ...           - 

Laplace  &  Lavoisier, 

•000008117 

Do.  (French,  with  lead). 

Do. 

•000008720 

Granite  (Aberdeen  grey), 

Adie, 

•000007894 

Do.      (Peterhead  red,  dry). 

Da      - 

•000008968 

Do.      (         do.        moist),      - 

Da      - 

•000009583 

Greenstone  (from  Batho), 

Da      - 

•000008089 

Marble  (Carrara,  moist), 

Do.      - 

•000011928 

Do.      (     do.      dry),    -            -            -            - 

Do.      - 

•000006539 

Da      (black  Galway), 

Da      - 

•000004452 

Do.      (  do.    softer  specimen,  oontaamng  more 
fossils). 

Da      - 

•000004793 
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TABUS 


OP  LnrsAB  Expahbiov  fob  l^O.^eonUnued, 


DMCription  of  lUteriaL 

Aathoritj. 

Coefficients 
of  linear 
ezpanilon 

for  i«»a 

Stovi,  Bbiok,  Glass,  Cbmint. 
Marble  (Sicilutti  white,  moirt), 
Do.      (          do.          diy),     - 
Sandstone  (from  Oiaigleith  quarry), 
SUte  (from  Penrhyn  qnany,  Wales),    • 

Adie,       - 
Do. 

Do.      - 
Do. 

•000014147 
•000011041 
•000011743 
•000010876 

Adie ;  Diacon^i  TrttUUe  on  Heat,  p.  35. 
Dubng  and  Petit ;  PottUUt,  ElimenU  de  Phyrique,  p.  2^. 
Joule ;  Proc.  Boy,  Soc,  VoL  ix.,  No.  28,  p.  8. 
LapUce  and  Lavoisier ;  2>ixon*$  TVetUise  on  Heat,  p.  29. 

• 

Bamsden ;  idem,  p.  27. 

Smeaton ;  PouUUt,  EUmenti  de  Phynqut,  p.  221. 

Troughton ;  iden^ 

WoUaston ;  idein. 

416.  fixpamillilllty  of  timber  dlnUntohcds  or  OTeii  reversed^ 
by  molstiire. — ^Mr.  Joule  found  that  moisture  occasioned  a 
marked  diminution  in  the  expansibility  of  timber  by  heat.  After 
a  rod  of  bay-wood  on  which  he  experimented  *^  had  been  immersed 
in  water  until  it  had  taken  up  150  grains,  making  its  total  weight 
882  grains,  its  coefficient  of  expansion  was  found  to  be  only 
*000000436.  Experiments  with  the  rod  of  deal,  weighing  when 
dry  425  grains,  gave  similar  results ;  when  made  to  absorb  water 
its  coefficient  of  expansion  gradually  decreased,  until,  when  it 
weighed  874  grains,  indicating  an  absorption  of  449  grains  of 
water,  expansion  by  heat  ceased  altogether,  and  on  the  contrary,  a 
contraction  by  heat  equal  to  'OOOOOOGSO  was  experienced.* 

419.  Holfltare  Increases  the  expanslbllUy  of  some  stones — 
Raising  the  temperatnre   produces  a  permanent   set   In 

others. — ''In  the  case  of  greenstone,  and  some  descriptions  of 
marble,  the  effect  of  moisture  was  to  increase  the  amount  of 


Proe,  Boy,  Soe,,  VoL  ix.,  No.  28,  p.  8. 
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expansion;  in  other  instances  no  effect  of  this  kind  was  perceptible. 

Mr.  Adie  also  found  that  in  white  Sicilian  marble  a  permanent 

increase  in    length  was  produced  every  time  that  its  temperature 

was  raised,  the  amount  of  increase  diminishing  each  time."* 

41§.  A  change  of  temperatare  of  ]5^C.  In  eafsMron,  and 
9*5°€.  In  wronsht-lronj  are  caiiaMe  of  prodnelnir  a  utraln  of 
one  ton  per  square  Inch — Open-work  girders  In  the  United 
Mlngdom  are  liable  to  a  ranye  of  45^€. — The  alteration  of 

length  of  a  cast-iron  bar  within  the  range  of  three  tons  tension  and 

seven  tons  compression  per  square  inch,  which  include  the  ordinary 

limits  of  working  strain,  is  about  '000175  of  the  original  length 

for  each  ton  per  square  inch,  and  its  coefficient  of  linear  expansion 

for  1*^0.  =  '000011467  according  to  Adie;  consequently  a  change 

of  temperature  of  about  15°C.  (=  27*^F.)  is  capable  of  developing 

a  force  equal  to  one  ton  per  square  inch.    Again,  if  we  assume 

that  the  alteration  of  length  of  a  bar  of  wrought-iron  for  both 

tensile  and  compressive  strains  =  '000093  of  its  length  for  each 

ton  per  square  inch,  its  coefficient  of  expansion  for  1°C.  being 

•000012204,  a  change  of  temperature  of  about  7-5'*C.  (=  13-5°F.) 

is  capable  of  developing  a  force  equal  to  one  ton  per  square  inch. 

Hence,  a  given  change  of  temperature  ^dll  develop  twice  as  much 

force  in  wrought  as  in  cast-iron.     The  range  of  temperature  to 

which  open-work  bridges  through  which  the  air  has  free  access  are 

subject  in  this  country  seldom  exceeds  45®0.  (=  8PF.),  for  which 

range  wrought-iron  alters  "000549,  or  nearly  j^*^th  of  its  original 

length.     This  change  of  length  is  nearly  equivalent  to  that  which 

would  be  produced  by  a  strain  of  6  tons  per  square  inch.    The 

range  of  temperature  of  cellular  flanges  may,  however,  exceed  that 

mentioned  above,  as  Mr.  Clark  mentions  that  the  temperature  of 

the  Britannia  Tubular  Bridge,  before  it  was  roofed  over,  differed 

"  widely  from  that  of  the  atmosphere  in  the  interior,  for  the  top 

during  hot  sunshine  has  been  oberved  to  reach  120°F.,  aud  even 

considerably  more ;  and,  on  the  other  hand,  a  thermometer  on  the 

surface  of  the  snow  on  the  tube  has  registered  as  low  as  16*^F."t 

♦  Dixon'B  TreaH$e(m  EeaJt,  p.  84. 

t  Britannia  and  Conway  TvbuUpr  Bridges  p.  71 
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A  familiar  instance  of  the  contractile  force  of  wrouglit-iron  in 
cooling  is  exhibited  in  the  tires  of  wheels.  "  An  ingenious  appli* 
cation  of  this. force  was  also  made  in  the  case  of  a  gallery  in  the 
Conservatoire  des  Arts  et  Metiers  in  Paris,  whose  walls  were 
forced  outwards  by  some  horizontal  pressure.  To  draw  them 
together  M.  Molard,  formerly  director  of  the  Museum  in  that 
establishment,  had  iron  bars  passed  across  the  building,  and 
through  large  plates  of  metal  bearing  on  a  considerable  surface  of 
the  external  walls.  The  ends  of  these  bars  were  formed  into 
screws,  and  provided  with  nuts,  which  were  first  screwed  close 
home  against  the  plates.  Each  alternate  bar  was  then  elongated 
by  means  of  the  heat  of  oil  lamps  suspended  from  it,  and  when 
expanded  the  nuts  were  again  screwed  home.  The  lamps  being 
removed,  the  bars  contracted,  and  in  doing  so  drew  the  walls 
together.  The  other  set  of  bars  was  then  expanded  in  the  same 
manner,  their  nuts  screwed  home,  and  the  wall  drawn  in  through 
an  additional  space  by  their  contraction.  And  tliis  series  of 
operations  was  repeated  until  the  walls  were  completely  restored 
to  the  vertical,  in  which  position  the  bars  then  served  permanently 
to  secure  them."* 

410.  Tnbalar  plate  irirdera  are  snltfeel  to  vertical  and 
latei*al  motions  fVom  chanses  of  temperature— O|ieii-work 

fflrders  are  nearly  qalte  free  from  thene  movements.— In 

addition  to  the  longitudinal  movements  to  which  all  girders  are 
subject  from  changes  of  temperature,  tubular  plate  girders  move 
vertically  or  laterally  whenever  the  top  or  one  side  becomes  hotter 
than  the  rest  of  the  tube.  Beferring  to  the  Britannia  Tubular 
Bridge,  Mr.  Clark  states  that  "  even  in  the  dullest  and  most  rainy 
weather,  when  the  smi  is  totally  invisible,  the  tube  rises  slightly, 
showing  that  heat  as  well  as  light  is  radiated  through  the  clouds. 
On  very  hot  sunny  days  the  lateral  motion  has  been  as  much  as  3 
inches,  and  the  rise  and  fall  2  inches  and  /^ths."t  These  vertical 
and  lateral  motions  have  not  been  much  observed  in  lattice  or 
open-work  girders;  no  doubt  because  the  air  and  sunshine  have 

*  Dixon's  Treatite  on  Beat,  p.  121. 
t  Tubular  BridgeSf  p.  717. 
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free  access  to  all  parts  and  thus  produce  an  equable  temperature 

throughout  the  whole  structure. 

4ft0.  TransTerse  strenirth  of  cast-iron  not  alTected  hj 
ehanges   of  temperatare    between    16^F.    and    600^F. — 

It  appears  from  Sir  William  ]&airbaim*s  experiments  on  the  trans- 
verse strength  of  cast-iron  at  various  temperatures  from  16^F. 
upwards,  that  its  strength  '^  is  not  reduced  when  its  temperature 
is  raised  to  600^F.,  which  is  nearly  that  of  melting  lead;  and 
it  does  not  differ  very  widely,  whatever  the  temperature  may  be, 

provided  the  bar  be  not  heated  so  as  to  be  red  hot."* 

491.  Tensile  miren^h.  of  plate-Iron  nnlfbrm  flrom  O^F.  to 
400°F. — It  also  appears  from  Sir  William  Fairbaim's  experiments 
on  wrought-iron  at  various  temperatures  that  the  tensile  strength 
of  plates  is  substantially  uniform  between  O^F.  and  400^F.  This 
result  is  corroborated  by  the  experiments  of  the  committee  of  the 
Franklin  Institute  appointed  to  report  on  the  strength  of  materials 
employed  in  the  construction  of  steam  boilers.  Sir  Wm.  Fairbaim 
also  found  that  the  strength  of  the  best  bar-iron  was  increased 
about  one-third  when  the  temperature  reached  320^F.,  after  which 
it  again  diminished,  f  This,  however,  seems  anomalous,  and  further 
confirmation  would  be  desirable. 

*  HodgkiiiBon'B  Exp.  Bt9.,  p.  378. 

t  Ut^vil  Ir^ormation  for  Engineen,  second  Beries,  pp.  114,  124. 
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498«  Ca«i-lroii  fflrdera. — The  compression  flange  of  cast-iron 
girders  is  frequently  made  stronger  than  is  theoreticallj  necessary 
for  the  purpose  of  rendering  it  sufficiently  stiff  to  resist  side 
pressure,  vibration,  or  other  disturbing  causes ;  in  a  word,  to  resist 
flexure.  As  the  average  crushing  strength  of  cast-iron  is  about 
5  times  its  tensile  strength,  theory  indicates  the  most  economical 
proportion  of  the  compression  to  the  tension  flange,  when  both  are 
horizontal,  to  be  also  1  to  5  (19),  whereas  it  is  generally  made 
much  stronger  than  this,  its  area  being  sometimes  one-third  of 
that  of  the  tension  flange.  Hence,  cast-iron  girders  rarely  fail  in 
the  compression  flange  and  it  is  a  common  practice  to  calculate 
their  strength,  as  well  as  that  of  wrought-iron  girders,  from  the 
leverage  of  the  tension  flange  by  the  following  well-known  modifi- 
cation of  eq.  18 : — 

W  =  ?^  (249) 

in  which  W  =  the  breaking  weight  at  the  centre  in  tons, 

a  =  the  net  area  of  the  tension  flange  in  square  inches, 
d  =  the  depth  of  the  web  at  the  centre  in  inches, 
/  =  the  length  between  bearings  in  inches, 
c  =  a  coefficient  depending  on  the  material. 
For  cast-iron  double-flanged  girders  the  coefficient  c  =  4  X  7 
=  28,  the  average  tensile  strength  of  simple  cast-irons  being  about 
7  tons  per  square  inch.    For  wrought-iron  box  girders  with  equal 
flanges,  «  =  4  X  20  =  80,  the  tensile  strength  of  ordinary  plate 
iron  being  about  20  tons  per  square  inch.    This  equation  omits  any 
strength  derived  from  the  vertical  web  acting  as  an  independent 
rectangular  girder  (100) ;  it  gives,  therefore,  too  low  a  result  when 
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of  the  total  cross  section, 

exceeds  7  tons;  on  the 

|-high  a  result  with  narrow 

fail  by  bending 


ISJJB  Igirfft^ri-— TaftJS^d  cell  was  for  some  years 
M>m"H}SI'8fwilt^&4g^  of  tabular  plate  girdere, 
't94B<t89|^£t8DsOW''?  iQEide  of  one  or  several 
1i^'4|4ffi#iitiKi?'Fg|i>r&ctically  one  thick  plate. 


'Sc  ■SR'"ffis'"ffi"  :*i*ffi"  ;$r..^  ^..  -s.  .si. 

3'B«-S^:SB*S*>*S^'we  arose  from  the  impression 

^Sit^tla^^Sr  forms  of  pillar  for  resisting 
H'^cn  used  as  a  pillar  without 
^|ftu'$i  ^l^h  the  continuous  web,  bow- 
ing in  a  vertical  direction, 
i^eld  rigidly  in  the  direction 
'iifof^^  without  separating  tix)ni 
^•t^  a  very  moderate  force  will 
-'"W'^fi"  the  flexure  is  of  trifling 
[i^c^'ll^iipje;  in  viuw  fliat  the  stiffness  of 
■''%^»'fiy'S@l'ja're  is  proportional  to  the  cube 
|^^!;^^*^tly,  if  the  top  and  bottom 
"^''-i^jSS*,  we  have  a  plate  8  tiroes  as 
^caS^re  add  the  central  plate  and 
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the  upper  half  of  each  side  of  the  cell  (so  as  to  leave  the  depth 

of  girder  measured  from  the  centre  of  the  cell  to  the  lower  flange 

unaltered)  and  the  spai-e  angle  irons,  we  have  a  top  flange  at  least  3 

limes  as  thick  and  therefore  27  times  as  stiiFto  resist  vertical  flexure 

as  the  unsupported  top  of  the  original  cell.     Though  we  do  not 

thoroughly  know  the  laws  which  govern  the  buckling  of  the  sides 

of  a  tube  (M5),  it  is  evident  that  the  pile  of  jdatics  possesses  a 

superiority  over  the  cell  in  this  respect.    It  is,  moreover,  clear  that 

the  lateral  stiffness  of  the  flange  is  scarcely,  if  at  all,  affected  by 

using  one  thick  plate  of  the  same  width  and  sectional  area  as  the 

cell,  for,  regarding  the  pile  as  a  girder  on  its  side,  we  have  the 

adjacent  parts  of  the  double  web  performing  the  duty  of  flanges  in 

place  of  the  sides  of  the  cell.    One  great  objection  to  the  cell  is 

this ;  a  large  extent  of  surface  is  exposed  to  corrosion  and  is  at  the 

same  time  difficult  of  access  and  therefore  liable  to  be  neglected; 

at  the  best  its  preservation  is  costly,  and  depends  on  the  amount  of 

care  which  the  painter  may  feel  inclined  to  bestow  on  an  irksome  task, 

for  the  proper  completion  of  which  he  feels  but  little  responsibility 

since  his  work  is  rarely  inspected,  while  during  its  tedious  and 

unhealthy  performance  he  is  obliged  to  assume  an  unnatural  and 

fatiguing  posture.* 

494»    nied    flanirM — ^Lony    liTeis    not    oldeetionable.— 

When  several  plates  are  built  into  one  pUe  it  may  be  objected  that 
great  length  of  rivet  is  required,  and  that  the  workmanship  is  in 
consequence  less  sound ;  but  this  object  ion  has  no  real  value  so  far 
as  the  riveting  is  concerned.  In  partes  of  the  Britannia  Tubular 
Bridge  rivet<s  passed  through  six  layers  of  iron  of  an  aggregate 
thickness  of  nearly  3^  inches,t  and  in  the  Boyne  Viaduct  many 
rivet«  passed  through  six  and  seven  plates,  and  in  some  part«  even 
nine.  As  I  had  forgotten  the  exact  method  of  manipulating  these 
long  rivets  at  the  Boyne  Viaduct,  I  obtained  from  Mr.  Colville, 

I  *  A  painful  soreness  of  the  oyes  and  tendency  t-o  faint  are  expericncod  in  close 

cells  whenever  the  stifling  vaijour  of  new  lead  paint  is  not  removed  by  constant 
currents  of  fresh  air  passbg  through  them.    Henoe,  when  the  ventilation  is  defective^ 
the  painter  must  come  out  at  short  intervals  to  breathe  the  fresh  air. 
t  Britannia  and  Conway  TubtUar  Bridget,  pb  575. 
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the  intelligent  superintendent  of  the  iron-work,  the  following 
details : — 

*'  The  longest  rivet  we  had  was  about  8  inches  long  and  the 
holes  must  be  well  rimed  out.  The  rivets  were  kept  cool,  head 
and  point,  bj  dipping  in  water,  and  the  body  of  the  rivet  made 
very  hot,  which  enabled  the  workmen  to  use  the  cup  tool  and  the 
heavy  hammer  at  once.  Some  of  the  long  rivets  I  had  cut  out 
after  being  riveted,  to  see  what  they  looked  like,  and  I  must  say 
they  fOled  better  than  I  expected,  being  at  top  of  the  piers,  which 
was  very  difficult  to  get  to.  I  see  no  difficulty  in  riveting  such 
thickness  as  was  at  the  Boyne  Bridge,  but  it  must  be  with  care  in 
the  heating  of  the  rivets  and  using  about  a  14  ft>.  hammer  and  oup 
tools.  Common  light  riveting  hammers  would  only  upset  the 
rivet  at  the  point  and  would  not  fill  in  the  body  in  such  thickness 
as  4^  to  5  inches."  Mr.  Clark  made  some  experiments  on  rivets  12 
inches  long,  most  of  which  ^^  broke  at  the  head  in  cooling,  and  it  was 
found  necessary  to  cool  the  centre  part  of  the  rivet  artificially 
previous  to  inserting  them,  the  head  and  tail  alone  remaining  red- 
hot.  In  this  manner  the  contraction  was  avoided  and  the  rivets 
remdned  sound."  This  seems  to  be  the  reverse  of  the  practice  at 
the  Boyne  Bridge,  but  it  is  probable  that  in  Mr.  Clark's  experi- 
ments the  heads  of  the  rivets  were  dami^d  by  prolonged  hammer- 
ing with  light  hammers,  as  he  inserted  some  red-hot  rivets  8  feet 
long  in  some  castings  of  great  strength,  which,  therefore,  could  not 
yield  to  the  tension,  and  these  rivets  on  cooling  remuned  in  all 
cases  perfectly  sound  and  had  merely  undergone  a  permanent 
extension  proportionate  to  the  temperature.* 

4M.  PuBchbiir  ABd  drilllns  teoUi. — Careful  attention  is  doubt- 
less required  in  punching  plates  so  that  the  holes  in  the  successive 
layers  may  coincide,  and  without  proper  precaution  much  trouble 
and  expense  would  be  incurred  in  subsequent  riming  out  the  holes, 
but  this  labour  may,  to  a  great  extent,  be  avoided  by  using  accurate 
templates,  or  when  the  magnitude  of  the  work  warrants  such  an 
outlay,  by  punching  machines  similar  to  the  Jacquard  machine  used 

*  The  Tuhuiar  Bridga,  p.  895. 
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at  the  Conway  Bridge,  and  subsequently  at  the  Boyne  Viaduct  and 
Canada  Works,  and  constructed  expressly  for  the  purpose  of  pro- 
ducing accurate  repetitions  of  any  required  pattern.*  Drilling  tools 
for  boring  several  holes  at  once  have  been  introduced  with  much 
success,  as  at  Charing-cross  Bridge.  Such  tools  will  often  repay 
their  first  cost  by  the  saying  of  manual  labour  in  punching  and 
plating,  besides  insuring  more  accurate  work,  but  for  ordinary 

girder- work  the  common  punching  machine  is  the  cheapest  tool. 

496*  Position  of  roadway — Compression  llanfi^e  stllTened 
by  the  eompresslon  bracing  of  the  web. — The  roadway  is 
generally  attached  to  one  or  other  of  the  flanges,  but  is  sometimes 
placed  midway.  The  latter  position  is  objectionable,  since  we  then 
lose  the  advantage  of  horizontal  rigidity  which  the  roadway  imparts 
to  the  flange  to  which  it  is  attached.  Moreover,  less  material  is 
generally  required  for  forming  the  connexion  between  the  cross- 
girders  and  the  main  girders  at  the  flanges  than  elsewhere.  When 
local  circumstances  do  not  determine  the  level  of  the  road  it  may  at 
first  sight  appear  desirable  to  connect  it  with  the  upper  or  compres- 
sion flanges,  so  as  to  stiffen  them  against  horizontal  flexure,  and 
this  is  generally  the  best  position  with  shallow  girders,  as  it  allows 
the  load  to  be  placed  more  immediately  over  the  longitudinal  axis 
of  each  girder  and  thus  dispenses  with  heavy  cross-girders,  which 
is  often  a  very  important  saving,  besides  removing  any  tendency  to 
unequal  strain  which  a  one-sided  load  on  the  lower  flanges  might 
produce.  But  with  large  and  deep  girders,  independently  of  the 
theoretic  consideration  that  the  lower  the  centre  of  gravity  the 
more  stable  the  structure,  some  slight  counterbalancing  advantage 
results  from  connecting  the  road  with  the  lower  flange,  as  the 
expense  of  a  parapet  is  saved  and  there  is  a  greater  appearance  of 
security  when  a  train  travels  through,  instead  of  over,  a  tubular 
bridge.  When  the  roadway  is  attached  to  the  lower  flanges  and  the 
depth  of  girder  is  not  sufficient  to  admit  of  cross-bracing  between  the 
upper  flanges,  the  horizontal  stifihess  of  the  road  is  communicated 
to  the  upper  flanges  by  the  internal  bracing  of  the  compression 

*  For  a  descriptioii  of  this  machine  see  Part  121  of  the  Civil  Snffineenf  and  ArchUecU' 
Journal. 


ted  web  like  Fig.  102,  or 


^^^i^tl'^lH^BM3^£^C9n?€ice8  introduced  to  connect 
\  |y.^B|lgirder8.     The  cross-orders 

, ia¥^iS^tfa^B  Mi'iyilevers  and  their  eztremitiea 

'J^'fitflTSiV  vVEI^^^pe^  flanc^,  as  is  usual  in 

^« C^i"ji€\| S|^F£a/^  frequently  happens  that 

H-^^SsitSlS  pear  their  ends  than  theory 

mttsi-  K|@rtBetry  of  the  flange  through- 

J^ij^ua  thinning  of  the  material, 

bowstring  girder,  as  in  it 

flange.     A  compromise 

id^f-bJIi's^sSsirder  and  that  with  paraUel 

"""^^^'-S  "  *''K-  ^08.    In  this  form 

i:%^^«t|^ach  flange  are  increased  and 


I  of  BBUtorm  scetl«n~ 
■latcrial    la    contlBaoni 


iSat£a|!gC^3Ed^c3EC1:i,Se  same  time  that  the  strains 

'  g^^l^^nsequence  of  the  oblique 

|ir|Bi^ij^strmn.     The  mode  of  calcu- 

~   S^girder.     For  a  similar  cause 

|E<J|i(}^st;^es  a  waste  of  n^t«rial  in  the 

f;!>S^^^:rm  depth  crossing  spans  of 

^&i  segments  orer  the  smaller 

&^thdr  length  than  those  over 

1^  i^^^i^f^ble  waste  of  material  may 

^^^^i>f  the  flanges  symmetrically 
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498.  An  exce(i«  of  strenipth  In  one  flaiiire  does  not  Increase 
the  streni^h  of  braced  f|^lrder85  thooffh  it  may  sliirhily  in- 
crease tiie  strenirtli  of  irii^«>v  witii  continoons  webs. — If 

the  flanges  of  a  braced  girder  be  well  proportioned,  both  flanges 
will  fail  simultaneously  with  the  breaking  load,  and  any  increase  of 
strength  in  one  flange  only  does  not  increase  the  strength  of  the 
girder,  but  rather  diminishes  its  useful  strength  by  the  excess  of 
dead  weight.  When,  however,  the  web  is  continuous,  an  increase 
of  strength  is  produced  by  enlarging  one  of  the  flanges  beyond  its 
due  proportion  for  the  following  reason : — The  unit^strain  in  the 
re-enforced  flange  is  less  than  before;  consequently,  there  is  less 
alteration  in  its  length  from  strain  and  the  neutral  surface  ap- 
proaches closer  to  it  than  if  the  flanges  were  duly  proportioned ; 
hence,  a  larger  proportion  of  the  web  aids  the  weaker  flange.  The 
useful  strength  of  the  girder,  however,  is  not  necessarily  increased, 
since  the  extra  strength  thus  obtained  may  merely  suffice  to  sup- 
port the  extra  weight  of  the  re-enforced  flange  (100). 

4M.  Bearing  snrfkce  on  tbe  abntments — ^WorlKiny  load 
on  exi^ansion  rollers. — The  area  of  bearing  surface  of  a  girder 
on  the  abutments  should  be  sufficient  to  prevent  undue  crushing 
of  the  wall-plates  on  top  of  the  abutments.  A  common  rule  for 
cast-iron  girders  is  to  make  the  length  of  bearing  on  the  abutment 
equal  to  the  depth  of  the  girder  at  the  middle,  say  -^th  of  the 
span.  It  does  not  seem  desirable  to  put  a  greater  pressure  on 
cast-iron  expansion  rollers  than  2  or  3  tons  per  linear  inch,  and 
where  the  length  of  a  girder  does  not  exceed  150  feet,  creosoted 
timber  wall-plates  will  generally  be  found  preferable  to  rollers  or 
metallic  sliding  beds,  both  of  which  are  apt  to  become  rigid  (414). 
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WEB. 

430.  Plate  web — Calculation  of  strains. — In  lattice  girders 
the  flanges  and  the  compression  braces  are  intersected  at  short 
intervals  and  thus  divided  into  short  pillars  as  far  as  their 
tendency  to  flexure  in  the  plane  of  the  girder  is  concerned ;  this 
support  is  carried  to  its  extreme  limit  in  plate  ^rders,  the  charac- 
teristic feature  of  which  is  the  continuity  of  the  vertical  connexion 
(single  or  double,  as  the  case  may  be)  between  the  flanges.  As  the 
thin  webs  of  plate  girders  are  ill  adapted  to  resist  buckling  or 
flexure  under  compression,  it  is  usual  to  stiffen  them  by  vertical  T 
or  angle  irons  reaching  from  flange  to  flange,  like  the  frames  of  a 
ship.  On  a  little  consideration  it  will  be  obvious  that  these 
stiffening  frames  make  the  web  more  rigid  at  short  intervals  in 
vertical  lines;  thus  this  method  of  constructing  plate  girders 
resembles  the  vertical  and  diagonal  bracing  investigated  in  the 
sixth  chapter,  and  the  strains  in  the  web  may  be  approximately 
calculated  in  the  manner  there  described,  though  they  are  more 
frequently  obtained  from  the  shearing-strain,  as  explained  in  54. 
If  these  frames  are  placed  diagonally  in  place  of  vertically,  the  web 
will  resemble  the  class  of  bracing  investigated  in  the  fifth  chapter 

and  should  be  treated  accordingly. 

481.  Ambliralty  respeetin^  dlreetion  of  strains  In  eon- 
tlnnons  irebs — ^Braelnip  i^enerally  more  economleal  than 
platlnfp — ^ninlmnm  thiekness  of  platlnir  In  practice — ^RelatiTe 
corrosion  of  metals. — Besides  these  compressive  strains  acting 
in  directions  more  or  less  defined,  there  exist  in  the  web  of  every 
plate  girder  diagonal  tensile  strains  which  cross  the  stiffening  frames 
and  whose  directions  are  not  so  clearly  defined  and  doubtless  vary 
to  some  extent  with  every  position  of  the  load.    It  thus  appears 
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that  some  portions  of  the  web  of  plate  girders  are  simultaneously 
sustaining  tension  and  compression  and  it  might  therefore  seem  at 
first  sight  that  a  continuous  web  is  more  economical  than  one 
formed  of  diagonal  bradng,  since  in  the  former  arrangement 
the  same  piece  of  material  performs  a  double  duty,  which  in  the 
diagonal  system  requires  two  distinct  braces  (999).  Theoretically 
this  view  is  correct  if  it  be  conceded  that  one  and  the  same  portion 
of  material  is  capable  of  sustaining  without  injury  both  tensile  and 
compressive  strains  transmitted  through  it  simultaneously  at  an 
angle  with  each  other  and,  in  the  absence  of  direct  experiment, 
there  seems  some  reason  for  believing  this  to  be  the  case  within  the 
limits  of  strain  which  are  considered  safe  in  practice.  For  instance, 
the  shell  and  ends  of  a  cylindrical  boiler  with  internal  flue  are 
subject  to  tensile  strains,  the  former  in  two  directions  at  right  angles 
to  each  other,  the  latter  in  various  directions,  while  the  flue  is 
subject  to  tension  longitudinally  and  compression  transversely. 
Again,  experiments  on  the  strength  of  riveted  joints  have  not 
indicated  any  source  of  weakness  in  the  plates  other  than  that  due 
to  the  reduction  of  area  by  the  rivet  holes  or  the  mode  of  punch- 
ing, and  if  moderate  compression  does  reduce  tensile  strength, 
closely  riveted  joints,  such  as  those  of  boilers,  would  be  perceptibly 
weakened  by  the  compression  caused  by  the  contraction  of  the 
rivets  in  cooling.  Further,  in  experiments  on  the  tensile  strength 
of  iron  bars,  their  ends  are  frequently  grasped  by  powerful  nippers 
which  compress  them  suflSciently  to  prevent  the  bar  slipping 
through,  and  it  seldom  breaks  where  thus  compressed,  rupture 
generally  taking  place  near  the  centre.  It  seems,  therefore,  reason- 
able to  infer  that  a  moderate  strain  of  either  kind  does  not  afiect 
the  ultimate  strength  of  iron  to  sustain  a  strain  of  the  other  kind 
at  right  angles  to  the  former.  However  this  may  be,  practical 
reasons  prevent  plate-iron  webs  from  being  so  economical  as  those 
formed  of  bracing,  except  in  small  or  shallow  gu^ers,  or  gurders 
which  sustain  unusually  heavy  loads  and  in  which  therefore  the 
shearing  strain  is  exceptional,  or  near  the  ends  of  girders  of  very 
large  span;    for  unless  the  plating  be  reduced  in  thickness  to 

the  extent  which  theory  indicates  as  sufficient,  but  which  is  quite 

2  D 
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unsuitable  for  practical  reasons,  the  bars  of  the  braced  web  will 
require  so  much  less  material  than  the  continuous  web  of  a  plate 
girder  as  to  make  the  former  really  the  more  economical. 

One  quarter  inch  may  be  assumed  to  be  the  minimum  thickness 
that  experience  sanctions  for  the  plating  of  permanent  structures. 
A  thinner  plate  than  this  may  with  care  last  for  years,  but  few 
engineers  would  wish  to  risk  the  stability  of  any  important 
structure  on  the  chance  of  such  frequent  attention  to  prevent 
corrosion  as  so  great  a  degree  of  tenuity  would  require.  Indeed, 
Y^  is  quite  thin  enough  for  ordinary  practice,  and  |  or  ^  inch  if  a 
girder  is  within  the  influence  of  air  charged  with  salt,  as  when 
ndlway  bridges  cross  tidal  estuaries.  Mr.  Mallet  gives  the  relative 
oxidation  of  certain  metals  in  moist  air  as  follows  :* — 

Cast-iron,  -        -        -        -     '42 

Wrought-iron,  -        -        -        -     '54 

Steel, -56 

He  also  states  at  p.  27  of  his  third  report  to  the  British  Associa- 
tion in  1843  on  the  action  of  air  and  water  upon  iron,  that  in  one 
century  the  depth  of  corrosion  of  Low  Moor  Plates,  as  deduced 
from  his  experiments,  would  be — 

Inch. 

In  clear  sea  water,  -        -    0*215 

In  foul  sea  water,  -        -    0404 

In  clear  fresh  water  only,        -    0'035 

489.  PlatiDir  more  economical  than  braclnir  near  the  ends 
of  Tery  lon^  irti^^r^ — ContinaooA  webs  more  economical  in 
shallow  than  In  deep  girders. — When  the  span  is  of  great 
extent  the  opens  between  the  braces  towards  the  ends  become 
smaller  from  the  increased  width  of  the  bars  and  therefore  nearly 
equal  to  their  overlap ;  hence,  there  is  a  certain  length  of  girder 
beyond  which  it  may  be  found  more  economical  to  form  the  ends 
of  the  web  of  continuous  plating  and  the  intermediate  portion  of 
diagonal  bracing.  The  length  of  girder  at  whose  extremities  the 
same  amount  of  material  is  required  for  the  web,  whether  formed 
of  bracing  or  of  plates,  depends,  among  other  things,  on  the  ratio 

*  On  tk$  Cimitruetum  ofArtUUry,  p.  138. 
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_^_^s'^0^^^g.    ^12^^  i"  pl^ce  of  bracing 

iM  f^i^PSj^j^lftSftstance,  the  «ngle-line 

ISi'^i^M^Jl^)^!?.^^^  "  calculated  in 

tcS iqll^Sf  ni^ption  of  ^^er-work. 
lll!n^>&^jy-67  feet,  or  l-l&th  of 
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^  i^^^t^^J^Ztfl  the  iron  be  half-inch 

l^^I^qual  263  inches,  as  in 

•lg^i^^S;«^jp|^^^8tem  of  triangulation 

K?CtSS:^e  same  whether  one  or 

■2- -J 


insiderabl;  exceeds  the 
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wy  plating  for  the  end 

J^coueidered  sufficiently 

^ner.     If,  however,  the 
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Inch  of  grom  rvetitm  ii  for 
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greater  than  in  our  example.  It  is  obvious  also,  from  what  has 
judt  been  stated,  that  the  relative  economy  of  plate  webs  is  greater 
in  shallow  than  in  deep  girders ;  for,  if  bracing  were  used,  the 
opens  between  the  braces  would  be  much  smaller  in  the  former 
than  in  the  latter  case,  and  consequently,  if  these  opens  be  filled 
up  by  continuous  plating,  there  will  be  less  waste  of  material  in 
the  shallow  than  in  the  deep  girder. 

488.  Crreater  propoitlon  of  a  eontlnaoas  ireb  aTallable 
for  flanir^Hitralnis  In  shallow  than  In  deep  i;lrder». — That 
plate  girders  derive  from  the  continuity  of  the  web  some  inci^ease 
of  strength  over  that  due  to  the  sectional  area  of  the  flanges  is 
certain  (100),  but  the  amount  of  horizontal  strain  which  a  thin  web 
is  capable  of  transmitting  is,  in  large  girders,  genei*ally  too  indefinite 
to  admit  of  any  considerable  reduction  in  the  area  of  the  flanges  on 
this  account  and  is,  therefore,  practically  of  slight  importance,  for 
it  seems  unlikely  that  horizontal  strains  of  compression  can  be 
transmitted  with  much  energy  through  the  thin  continuous  web 
of  a  deep  girder,  except  in  that  portion  which  is  close  to  the  flange 
and  therefore  stiffened  against  buckling  by  its  connexion  tlierewith. 
In  shallow  plate  girders,  however,  such  as  those  used  for  the  cross- 
girders  of  bridges,  deck-beams  of  ships,  fire*proof  floors,  &c.,  the 
web  generally  forms  a  large  portion  of  the  whole  section,  possesses 
considerable  strength  by  itself,  and  is  therefore  available  for  hori- 
zontal as  well  as  vertical  strains.  These  considerations  show  that 
the  flanges  of  a  shallow  plate  girder  derives  a  greater  percentage 
of  aid  from  the  web  than  those  of  a  deep  girder. 

484.  nefleetlon  of  plate  |irl>^^i*0  enhstantlally  the  Mune 
as  that  of  lattice  irlrders. — ^From  these  considerations  it  would 
also  appear  that  the  deflection  of  plate  girders  is  little,  if  at  all,  less 
than  that  of  lattice  girders,  the  length,  depth  and  flange-area  being 
the  same  in  both ;  for  if  their  flanges  be  subject  to  the  same  unit- 
strains,  their  deflections  will  be  alike  (888).  Even  assuming  that 
the  web  does  relieve  the  flanges  of  horizontal  strain  to  the  full 
extent  which  theory  indicates,  the  deflection  will  not  be  very 
materially  diminished  thereby,  for  it  appears  from  eq.  151  that 
a  continuous  web  is  for  horizontal  strain  equivalent  to  only  ^th 
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of  its  area  placed  in  each  flange.  Plate  girders,  it  is  true,  are 
generally  thought  to  be  stiffer  than  those  with  braced  webs,  and 
closely  latticed  girders  than  those  with  only  one  or  two  systems 
of  triangnlation,  but  I  am  not  aware  of  accurate  comparative 
experiments  on  this  subject.  It  is  quite  possible  that  when  the 
compression  flange  has  but  few  points  supported  by  intersecting 
braces  it  may  assume  under  strain  a  slightly  undulating  line,  and 
therefore  be  a  little  shorter  than  a  similar  flange  held  straight  at 
short  intervals  by  close  latticing  or  a  plate  web;  this  would  of 
course  increase  the  deflection. 

485.  Webs  of  cast-iron  girders  often  add  materially  to 
their  stren^h. — The  webs  of  cast-iron  girders  are  usually  made 
much  stronger  than  is  required  for  the  mere  transmission  of  the 
shearing-strain.  Hence,  they  rarely  require  stiflening  ribs,  and  the 
web  should  add  to  the  strength  of  such  girders,  calculated  merely 
from  the  leverage  of  either  flange  round  the  other  as  a  fulcrum,  by 
an  amount  nearly  equal  to  the  breaking  weight  of  the  web  taken 
separately.  Stiffening  ribs  are  generally  to  be  avoided  in  cast-iron 
girders,  as  they  have  been  found  to  cause  rupture  in  some  instances 
from  unequal  contraction  of  the  metal. 

486*  Mlnate  theoretle  aeeoraey  ondeslrable. — In  construct- 
ing wrought- iron  girders  of  small  span,  say  under  30  or  40  feet, 
it  is  generally  more  economical  to  make  the  lattice  bars  of  one,  or 
at  most  of  two  sizes  throughout,  even  though  they  might  be  safely 
reduced  in  section  as  they  approach  the  centre.  This  arises  from 
the  expense  and  trouble  of  having  different  templates  and  a  stock 
of  bars  of  various  sizes.  It  is,  therefore,  cheaper  to  have  a  slight 
excess  of  material  than  go  to  the  nicety  of  sizes  which  would  be 
theoretically  strong  enough.  For  a  similar  reason  2^  inches  may 
be  assumed  to  be  the  minimum  useful  width  for  a  lattice  bar  of 
ordinary  railway  girders.  When  of  less  width  it  is  generally 
necessary  to  swell  out  the  rivet  holes  in  the  forge,  so  as  to  avoid 
reducing  the  effective  section  of  the  bar  and,  independently  of  the 
bad  effect  sometimes  produced  by  heating  the  iron,  this  process  is  of 
course  more  expensive  than  cold  punching.  One  result  of  all  this  is 
that  the  central  bracing  is  generally  stronger  than  theory  requires. 
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489,  Moltlple  and  slni^l®  systems  of  trlaniralatloii  eom* 
pared — i^implleity  of  design  desirable — Ordinary  slaes  of 
Iron, —  This  leads  to  another  consideration,  viz.,  the  number  of 
systems  employed  in  bracing.  It  has  been  already  stated  in  15S 
that  the  practical  advantage  of  a  multiple  over  a  single  system  of 
triangulation  consists  in  the  more  frequent  support  given  to  the 
compression  bars  by  those  in  tension,  and  by  both  to  the  flanges, 
thus  subdividing  the  parts  which  are  subject  to  compression  into  a 
number  of  short  pillars  and  restraining  them  from  deflection,  chiefly 
in  the  plane  of  the  girder.  It  may  also  be  urged  in  favour  of  close 
latticing,  that  if  an  accident,  such  as  an  engine  running  off  the  line, 
occurs  on  a  bridge  with  the  braces  few  and  far  apart,  that  in  such  a 
case  the  safety  of  the  whole  structure  is  menaced  by  the  fracture  of 
a  single  bar,  whereas  a  closely  latticed  or  plate  girder  is  not  only 
freer  from  this  danger,  but  affords  greater  security  in  case  of  one 
bar  being  originally  defective,  while  to  the  public  eye  it  has  the 
semblance  of  greater  safety,  a  consideration  not  altogether  to  be 
despised.  The  number  of  systems  adopted  will  also  depend  on  the 
distance  between  the  cross-girders  which  generally  occur  at  an 
apex,  and  on  the  practical  consideration  of  what  sized  material  is 
the  most  economical ;  and  this  again  will  depend  on  two  things,  the 
first  cost  of  iron  of  small  and  large  scantlings  and  the  subsequent 
cost  of  workmanship,  which  latter  item  varies  much  according  to 
the  simplicity  or  complexity  of  the  design.  No  definite  rule  can 
be  laid  down  for  all  cases,  but  one  consideration  of  importance 
should  not  be  overlooked  in  seeking  after  apparent  economy  at  the 
outset.  The  larger  the  scantlings  and  the  more  simple  the  method 
of  construction,  the  smaller  \8  the  surface  exposed  to  atmospheric 
influences  and  the  more  easily  detected  is  any  corrosion  or  decay. 
The  chief  advantage  of  masonry  is  its  permanent  character.  No 
rust  or  decay  in  it  requires  constant  attention  or  painting  and,  if 
well  executed  at  the  outset,  masonry  truly  deserves  the  title  of 
permanent. 

It  will  be  useful  to  recollect  that  bars  or  strips  are  not  rolled 
wider  than  9  inches ;  when  a  greater  width  than  this  is  required 
narrow  plates  with  shorn  edg^  must  be  used.    Plates  exceeding  4 
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feet  in  width,  or  15  feet  in  length,  or  containing  more  than  32 
square  feet,  or  weighing  more  than  4  cwt.,  are  generally  charged 
extra;  also  T  or  angle  iron,  the  sum  of  whose  sides  exceeds  9  or  10 
inches.  Plates  can  be  rolled  up  to  7  feet  wide,  or  30  feet  long,  or 
60  square  feet  in  area,  but  such  sizes  are  very  costly ;  they  increase 
in  thickness  by  sixteenths  of  an  inch,  and  are  generally  called  sheet 
iron  when  less  than  -^^  inch  thick.     Ordinary  angle  iron  can  be  got 

in  lengths  of  from  30  to  36  feet,  and  up  to  6  X  6  X  ^  inches. 

48§.  Testing  small  girders  hj  a  eentral  weifpht  equal  to 
half  the  unlfonn  load  Is  Inaceurate. — Small  girders  are  fre- 
quently tested  by  a  central  weight  equal  to  half  the  uniform  or 
passing  load  which  they  are  expected  to  carry  with  safety.  Though 
convenient,  this  is  not  altogether  a  fair  trial  of  the  web.  Let  W  = 
the  proof  load  in  the  centre,  and  2W  =  the  uniform  load.  The 
web  of  a  girder  designed  to  support  a  central  load,  W,  should  be  of 
uniform  strength,  for  it  sustains  throughout  a  shearing- strain  equal 

W 

to   ^(S4).    The  web  of  a  girder  designed  for  a  uniform  load, 

2W,  should  increase  from  the  centre  where  the  shearing-strain  is  nil, 
towards  the  ends  where  the  strain  =  W,  in  proportion  to  the  dis- 
tance from  the  centre  (46) ;  and  the  web  of  a  girder  designed  to 
support  a  passing  load  of  the  same  density  as  the  uniform  load 
should  increase  from  the  centre  towards  the  ends,  where  the  shear- 
ing-strain =  W,  in  the  ratio  of  the  square  of  the  distance  from  the 
further  end  (50).    Consequently,  the  strain  in  the  centre  of  the 

W 

web  from  a  passing  load  =  -j-.    It  is  obvious,  therefore,  that  the 

web  near  the  centre  is  subject  to  a  much  greater  strain  from  a 
central  load  than  from  a  uniform  or  passing  load  of  twice  its  weight, 
whereas  at  the  ends  the  reverse  of  this  takes  place.  The  impor- 
tance of  these  remarks  may  be  practically  lessened  by  the  con- 
siderations referred  to  in  4S6. 

480.  Connexion  bet^reen  web  and  flani^es — Unlfbrm  strain 
in  flanges — Trooi^h  and  IH-shaped  flanir^s — Rivets  pre- 
ferable to  pins — lilmit  of  lengrth  of  sinfrl^webbed  girders. — 
In  wrought-iron  girders  the  shearing  area  of  the  rivets  con- 
necting each  brace  with  the  flanges  should  equal  the  net  section 
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of  the  brace ;  otherwise  there  is  a  risk  of  its  separating  from  the 
flanges  at  a  mnch  lower  strain  than  would  destroy  the  brace.  If 
the  web  be  a  continuous  plate,  the  shearing  area  of  the  connecting 
rivets  should  equal  its  theoretic  horizontal  section,  Le.y  the  horizontal 
net  section  of  a  plate  whose  thickness  is  that  which  theory  demands; 
in  practice,  however,  the  plate  area  is  generally  considerably  in 
excess  of  what  theory  requires  and  hence  the  rivet  area  seldom 
equals  its  horizontal  net  section.  The  trough-shaped  section,  such 
as  that  represented  in  Plate  IV.,  is  a  favourite  form  for  the  flanges 
of  tubular  braced  girders  as  it  affords  great  faciUties  for  attaching 
the  bracing  to  the  flanges.  Objections  have  been  raised  to  the 
trough  with  deep  vertical  plates  on  the  ground  that  the  unit^strain 
is  not  constant  throughout  its  whole  area,  the  unconnected  edges 
of  the  vertical  plates  being  subject  to  a  severer  unit-strain  than  the 
horizontal  plates  in  consequence  of  each  brace  giving  off  its  hori- 
zontal component  of  strain  at  a  point  which  generally  lies  nearer 
the  free  edge  of  the  vertical  plate  than  the  centre  of  gravity  of 
the  whole  section.  Let  us  confine  our  attention  to  the  upper  or 
compression  flange,  as  similar  reasoning  applies  to  that  in  tension. 
This  tendency  to  excessive  local  strain  is  sometimes  supposed  to 
show  itself  by  a  slight  undulation  or  buckling  of  the  free  edge  of 
the  vertical  plate  endeavouring  to  escape  from  the  line  of  thrust. 
This  buckling,  however,  is  not  necessarily  a  sign  of  excessive  local 
compression,  but  rather  of  defective  stiffness  in  the  lower  part  of 
the  plate,  for  if  it  were  stiffened  laterally  so  that  it  could  not 
escape  from  the  line  of  thrust,  and  if  the  unit-strain  along  this 
edge  were  greater  than  that  in  the  horizontal  plates,  the  result 
would  be  that  the  whole  flange  would  camber  from  the  shortening 
of  its  lower  edge.  This,  however,  does  not  take  place,  and  hence 
it  is  reasonable  to  suppose  that  the  strain  is  not  very  unequally 
distributed  throughout  the  whole  section.  Undulation  certainly  is 
a  defect  and  proves  that  the  plate  is  not  standing  up  to  its  work, 
and  therefore  not  subject  to  excessive  compressive  strain ;  it  rather 
indicates  that  a  small  portion  of  the  vertical  plate  at  each  apex  on 
the  side  remote  from  the  centre  may  be  in  tension,  pulling,  instead 
of  thrusting,  the  flange  towards  the  centre.    Vertical  plates  ought 


CHAP.  XXI.]  WEB.  409 

therefore  to  be  thick  enough  to  resist  buckling,  say  ^th  of  their 
depth  (d85)y  or  else  be  stiffened  by  an  angle  iron  along  their  free 
edges.  The  weight  of  the  trough  itself,  acting  as  a  series  of  short 
girders  between  the  apices,  tends  to  produce  local  tension  in  the 
lower  edges  of  the  vertical  plates,  and  so  far  counteracts  excessive 
compressive  strain,  and  the  whole  flange  being  held  at  short 
intervals  by  the  bracing  resembles  a  long  thin  pillar  inside  a  tube ; 
the  pillar  may  undulate  slightly  and  press  here  and  there  against 
the  sides  of  the  tube,  but  the  compressive  strain  may  for  all 
practical  purposes  be  considered  as  being  distributed  uniformly 
throughout  the  whole  section  of  the  pillar.  The  IH  section  of 
flange  also  has  its  advocates,  who  maintam  that  it  is  free  from  the 
objections  alleged  to  lie  against  the  trough  section.  The  practical 
convenience  of  the  latter,  however,  will  probably  enable  it  to  hold 
its  ground  against  its  rival.  The  student  who  wishes  to  learn  the 
views  of  eminent  engineers  on  this  subject  is  referred  to  the 
discussions  on  "  The  Charing  Cross  Bridge"  and  "  Uniform  Stress 
in  Girder  Work,"  in  the  22nd  and  24th  Vols,  of  the  Proceedings 
of  the  Institution  of  Civil  Engineers.  The  main  bracing  is  some- 
times connected  to  the  vertical  plates  by  pins,  like  those  of  sus- 
pension bridges.  Judging,  however,  from  the  experience  gained  at 
the  Crumlin  viaduct — where  riveting  was  substituted  for  pins,  after 
some  years'  wear  and  vibration  had  loosened  the  latter* — it  seems 
generally  desirable  to  make  rigid  connexions,  and  for  this  purpose 
riveting  is  at  •once  the  most  convenient  and  effective  method. 
Moreover,  pins  evidently  do  not  form  so  firm  a  termination  for  a 
strut  as  riveting,  a  matter  of  great  importance  in  long  pillars  (811). 
The  braces  should  intersect  somewhere  in  the  vertical  plate.  In 
very  faulty  designs  they  are  sometimes  arranged  so  that  they  do 
not  intersect  each  other  in  the  flange,  but  would,  if  produced, 
meet  considerably  outside  it,  in  which  case  the  flange  is  subject  to 
an  injurious  cross-strain  and  is  liable  to  become  broken-backed  from 
the  compression  braces  thrusting  it  upwards  while  the  tension 
braces  pull  it  down,  or  vice  versa.     In  some  instances  this  has 

*  The  EngiMer,  November,  1866,  p.  881 
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produced  disastrous  results.  When  the  vertical  plate  is  deep 
enough  to  give  a  choice  of  position,  the  apex  may  either  be  in  the 
middle  or  rather  closer  to  the  upper  edge,  the  latter  position  being 
perhaps  the  better  of  the  two. 

The  length  of  single-webbed  girders  rarely  exceeds  150  feet. 
Indeed,  a  double  web  seems  desirable  when  the  span  exceeds  40 
feet,  as  there  can  be  no  doubt  that  it  contributes  greatly  to  the 
stiffness  of  the  flange  plates  to  be  bound  by  angle  iron  along  both 
edges  when  their  width  exceeds  18  or  20  inches,  and,  regarding 
the  whole  flange  as  a  long  unsupported  pillar,  it  is  obvious  that  its 
resistance  to  lateral  flexure  is  far  greater  when  the  angle  irons  are 
along  the  edges  than  when  they  are  central. 
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440.  Weather-bracliiir — ^niaxlinaiii  force  of  wind — Pres- 
sure of  wind  may  be  considered  as  nnlfbrnily  distributed 
Ibr  caicaiatlon. — Cross-bracing  generally  fulfils  two  functions; 
it  acts  as  a  horizontal  web,  holding  the  compression  flanges  at 
short  intervals  in  the  line  of  thrust  and  thus  preserving  them 
from  lateral  flexure  to  which  all  long  pillars  are  liable;  it  also 
braces  the  whole  structure  in  a  horizontal  plane,  stiffening  it 
against  vibration  and  strengthening  it  to  resist  the  side  pressure  of 
the  wind  just  as  the  vertical  web  enables  the  main  girders  to  sus- 
tain the  downward  pressure  of  the  load.  When  the  roadway  is 
attached  to  the  lower  flange  and  the  depth  of  the  main-girders  is 
not  sufficient  to  admit  of  cross-bracing  between  the  upper  flanges, 
the  latter  must  be  made  sufficiently  wide  to  resist  any  tendency 
they  may  have  to  deflect  sideways  under  longitudinal  compression 
and  their  lateral  stiffness  may  be  calculated  by  the  laws  of  pillars, 
though  they  are  much  aided  by  the  internal  bracing  of  latticed 
webs  or  the  angle  iron  stiffening  frames  of  plate  webs,  which 
convey  a  large  share  of  rigidity  from  the  roadway  to  the  upper 
flanges.  Under  these  circumstances  the  roadway  and  cross-bracing 
between  the  lower  flanges  have  to  resist  the  greater  portion  of 
the  lateral  pressure  of  the  wind  whose  maximum  force  in  this 
country  may,  for  the  purpose  of  calculation,  be  assumed  equivalent 
to  a  uniform  pressure  of  25  lbs.  per  square  foot  of  side  surface 
exposed  to  its  influence.  The  pressure  of  the  wind  is  not  always, 
as  might  be  supposed,  uniformly  exerted  along  the  whole  length  of 
a  girder.  With  reference  to  the  effect  of  violent  gales  on  the 
Britannia  Bridge,  Mr.  Clark  remarks : — '*  The  blow  struck  by  the 
gale  was  not  simultaneous  throughout  the  length  of  the  tube,  but 
impinged  locally  and  at  unequal  intervals  on  all  parts  of  the  length 
which  presented  a  broadside  to  the  gale."*  A  little  further  on  he 
remarks : — "  The  tube,  however,  on  no  occasion  attained  any  serious 

•   The  Tubtdar  Bridges,  p.  455. 
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oscillation,  but  appeared,  to  some  extent,  permanently  sustained  in 
a  state  of  lateral  deflection,  without  time  to  oscillate  in  the  opposite 
direction.''  Hence,  the  effect  of  wind  may  be  assumed  to  be  not  very 
different  from  that  of  a  uniformly  distributed  load;  as  a  precau- 
tionary measure,  however,  it  is  desirable  to  make  the  central  weather- 
bracing  somewhat  stronger  than  would  be  requisite  if  the  pressure 
were  really  uniform. 

441.  Roase'ii  table  of  the  Telocity  and  force  of  wind — 
Beavfbrt  scale. — The  following  table  of  the  velocity  and  corres- 
ponding pressure  of  the  wind  by  Mr.  Rouse  is  given  by  Smeaton 
in  the  Philosophical  Transactions  for  the  year  1759 : — 

TABLE  1. — Rouse's  Table  of  the  Velooitt  and  Force  of  Wiitd. 


Velocity  of  the  Wind. 

Perpendicnlar 

force  on  a 

square  foot, 

in  lbs. 
avoirdnpoia. 

Common  appellation*  of  the  Wind. 

MUe« 
hour. 

Feet  per 
•econd. 

1 

2 

8 

4 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

60 

80 

100 

1-47 

2*93 

4-40 

5-87 

7-88 

14-67 

22-00 

29-34 

36-67 

44-01 

51-34 

58-68 

66-01 

73-86 

88-02 

117-86 

146-70 

•005 

-020 

•044 

•079 

•123 

•492 

1-107 

1-968 

3-075 

4-429 

6-027 

7-878 

9-963 

12-300 

17-715 

31-490 

49*200 

Hardly  perceptible. 

>  Just  perceptible. 

• 

>  Gentle  pleasant  gale. 
[  Pleasant  brisk  gale. 

>  Very  brisk. 

>  High  winds. 

>  Very  high. 

A  storm  or  tempest 

A  great  stoim. 

A  hurricane. 

A  hurricane  that  tears  up  trees,  and  carries  build- 
ings before  it^  fta 
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The  following  table  contains  the  Beaufort  scale  which  is  used 
in  the  Navy  to  represent  the  force  of  the  wind,  but  it  conveys  no 
information  respecting  its  actual  pressure  or  velocity  and  is  there- 
foi'e  of  little  use  for  scientific  purposes. 


TABLE  II.— Bbaufobt  Soaul 


0.  Calm. 

1.  Light  air,  steerage  way. 

2.  Light  breeze,  ship  in  full  sail  will  go  1  to  2  knots. 
8.  Gentle  breeze,  do.  8  to  4    do. 
4,  Moderate  breeze,             do.  5  to  6    do. 
6.  Fresh  breeze,  ship  will  carrj  royals. 

6.  Strong  breeze,  single  reefed  topsails  and  topgallant  sails. 

7.  Moderate  gale,  double  reefed  topsails,  jib,  fta 

8.  Fresh  gale,  triple  reefed  topsails,  &c. 

0.  Strong  gale,  dose  reefed  topsails  and  ooorses. 

10.  Whole  gale,  will  scarcely  bear  dose  reefed  main  topsail  and 

reefed  foresail 

11.  Storm,  storm  staysails  only. 

12.  Hurricane,  which  no  canvas  could  withstand. 


448.  €ros0-braein9  mast  be  coonterbraced — VBemi  ibrm  of 
cross-braclnff — ^Initial  strain  adTantaseoos. — ^As  the  wind 
may  blow  on  either  side  of  a  bridge  it  is  necessary  to  counterbrace 
the  cross-bracing  throughout;  hence,  the  description  of  bracing 
described  in  Chap.  VI.,  with  transverse  struts  and  diagonal  ties,  is 
well  suited  for  cross-bracing  and,  in  order  to  make  it  stiff  and  come 
into  action  before  much  lateral  movement  takes  place,  it  is  de- 
sirable to  put  a  small  initial  strain  on  the  diagonals.  This  will 
tend  also  to  stiffen  the  whole  structure  against  lateral  vibration 
from  loads  in  motion.  The  initial  strain  may  be  produced  by 
coupling  screws,  cotters,  or  similar  appliances.  When  the  design 
does  not  admit  of  these  the  transverse  struts  may  be  first  riveted 
in  place,  and  then  the  diagonals  may  be  riveted  while  they  are 
temporarily  expanded  by  heat ;  when  cold  the  whole  will  be  in  a 
state  of  slight  strain.  The  same  effect  may  be  produced  in  small 
tubes  by  laying  them  on  their  side  so  that  the  cross-bracing  may 
be  in  a  vertical  plane ;  a  few  weights  will  then  stretch  one  system 
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of  diagonals,  and  when  thus  strained  the  second  series  may  be 
riveted  in  place;  after  the  removal  of  the  weights  the  required 
degree  of  initial  strain  will  be  produced  if  the  operation  has  been 
carefully  performed.  The  sagging  of  the  horizontal  tension  bars  of 
cross-bracing  from  their  own  weight  will  also  aid  in  producing  the 
required  amount  of  stiffness,  provided  the  bars  be  supported  in  a 
horizontal  position  while  riveting  up. 

The  absence  of  the  initial  strain  alluded  to  was  strongly  marked 
in  the  Britannia  Bridge,  for  Mr.  Clark  remarks : — "  The  effect  of 
pressure  against  the  side  of  the  tube  is  very  striking;  a  single 
person,  by  pushing  against  the  tube,  can  bend  them  to  an  extent 
which  is  quite  visible  to  the  eye  ;  and  ten  men,  by  acting  in  unison, 
and  keeping  time  with  the  vibrations,  can  easily  produce  an 
oscillation  of  1^  inch,  the  tube  making  67  double  vibrations  per 
minute."*  A  severe  storm  on  the  14th  of  January,  1850,  pro- 
duced oscillations  not  exceeding  one  inch.  This,  however,  was 
before  the  two  tubes  were  connected  together,  side  by  side. 

448.  Strains  prodoced  in  the  flanfces  by  cros«-braein|p — 
find  pillars  of  girders  ^'ith  parallel  flanir^ct  And  bow  of 
bowstring  irii4er0  are  snljeet  to  transTerse  strain. — When 
there  are  both  upper  and  lower  cross-bracings,  each  has  to  sustain 
one-half  the  pressure  of  the  wind ;  consequently,  in  every  gale  the 
compression  flange  on  the  weather,  and  the  tension  flange  on  the 
lee  side  have  their  normal  strains  somewhat  increased,  while  those 
in  the  other  flanges  are  diminished  to  the  same  extent.  This 
increase  and  diminution  of  strain  are,  however,  generally  insigni- 
ficant compared  to  the  strains  produced  by  the  load  and  are,  of 
course^  less  in  open-work  girders  than  in  those  with  solid  sides 
which  present  a  larger  unbroken  surface  to  the  action  of  the  wind. 

When  cross-bracing  occurs  between  the  upper  flanges,  the 
pressure  of  the  wind  against  the  upper  half  of  the  girder  is 
transmitted  to  the  abutments  or  piers  through  the  end  pillars 
which  form  the  terminations  of  the  web  inunediately  over  the 
points  of  support,  at  least  so  much  of  it  as  is  not  conveyed  by  the 
web  stiffeners  to  the  lower  flanges  and  thence  to  the  abutments. 

•  The  Ttihular  Bridget,  p.  717. 
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These  pillars  are,  therefore,  semi-girders  as  well  as  pillars,  for  they 
are  subject  not  only  to  vertical  compression  from  the  shearing- 
strains  in  the  main  bracing,  but  to  lateral  pressures  at  top  tending 
to  overthrow  them,  which  are  nearly  equal  in  amount  to  one-half 
the  total  pressure  of  the  wind.  Thus,  if  there  be  two  main  girders 
and  four  end  pillars,  each  of  the  latter  sustains  a  transverse  pressure 
at  top  nearly  equal  to  one-eighth  of  the  pressure  of  the  wind.  It 
is,  therefore,  desirable  to  fix  the  lower  ends  of  these  pillars  very 
securely  by  means  of  strong  iron  gussets  attached  to  the  masonry, 
or,  if  these  be  inadmissible  from  the  longitudinal  expansion  of  the 
bridge,  to  a  cross  road-girder,  which  may  be  made  stronger  and 
stiffer  than  usual  for  tbb  purpose,  so  as  to  resist  the  racking  action 
of  the  wind. 

The  bowstring  girder,  with  roadway  attached  to  the  string,  does 
not  admit  of  cross-bracing  between  the  bows  throughout  their 
entire  length,  but  only  near  the  centre  where  there  is  sufficient 
headway  for  carriages  beneath.  The  ends  of  the  bows  are,  con- 
sequently, subject  to  transverse  strains  similar  to  those  just  described 
in  the  case  of  the  end  pillars  of  girders  with  horizontal  flanges. 
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CHAPTER  XXIIL 


CR0SS-6IBDERS  AND  PLATFORM. 


444.  Maxlmom  weight  on  citMS-grlrders — ^Distance  be- 
tween ero80-ii:lrder0. — The  cross-girders  of  railway  bridges  sup- 
port the  platform,  ballast,  sleepers  and  nuls ;  and  when  the  interval 
between  them  does  not  exceed  that  between  two  adjacent  axles  of 
a  locomotive,  say  6  or  7  feet,  the  greatest  load  which  each  cross- 
girder  has  to  support  is  determined  by  the  weight  resting  on  one 
pair  of  driving-wheels,  which  rarely,  if  ever,  exceeds  16  tons,  or 
8  tons  per  wheel.  Consequently,  if  the  effect  of  the  rails,  sleepers 
and  platform  in  spreading  the  load  over  several  girders  be  neglected, 
each  cross-girder,  however  close  they  may  be  together,  ought  to  be 
capable  of  sustaining  16  tons  if  the  bridge  be  made  for  a  single 
line,  and  twice  this  if  made  for  a  double  line,  in  addition  to  the 
dead  weight  of  platform,  ballast  and  permanent  way,  and  as  a  train 
of  ordinary  locomotives  and  tenders,  that  is,  the  load  of  maximum 
density,  does  not  exceed  1^  tons  per  running  foot,  it  would 
obviously  be  the  most  economical  arrangement  to  place  the  cross- 
girders,  at  all  events,  not  closer  together  than  the  above  stated 
distance  of  6  or  7  feet  *  It  may,  perhaps,  be  supposed  that  cross- 
girders  placed  at  shorter  distances  need  not  be  so  strong  in  con- 
sequence of  the  rails,  sleepers  and  platform  distributing  the  load 
over  several  cross-girders,  and  this,  no  doubt,  is  to  a  certain  extent 
correct,  and  numerous  bridges  have  been  constructed  on  this 
principle.     Government  Inspection  is  now,  however,  more  critical 

*  The  cross-girders  of  the  Boyne  Viaduct  are  7  feet  6  inches  apart,  eqtxal  to  the 
diagonal  of  the  square  formed  by  the  lattice  bars  of  the  main-girders.  The  interval 
between  those  of  the  Britannia  and  Conway  Tabular  Bridges  is  6  feet 
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than  formerly,  and  each  cross-girder  should  be  strong  enough  to 
sustain  the  load  on  the  driving  wheels  of  the  heaviest  engine 
which  can  come  on  the  line,  inasmuch  as  the  sleepers  maj  decay,, 
joints  may  occur  in  the  nuls  close  to  a  cross-girder,  or  the  platform 
may  require  renewal  and  perhaps  be  altogether  removed  for  this 
purpose. 

445.  Rall-irii^^n^  or  keelsoiifl — ^Beonomical  distance  be- 
tween the  ero0S-irii^cs — ^Weliplit  orsiniri^  and  doaMe  lines — 
Welirht  of  snoir. — When  the  cross-girders  are  farther  than  3 

feet  apart  (the  distance  between  centres  of  sleepers)  the  rails  may 
be  supported  by  shallow  longitudinal  girders  resting  on  the  cross- 
girders  or  framed  in  between  them,  and  in  certain  cases,  especially 
when  the  levels  permit  the  cross-girders  to  be  of  great  depth, 
these  rail-girders  may  be  economically  made  of  considerable  length, 
with  the  cross-girders  placed  at  long  intervals  apart,  in  some  cases 
20  feet  asunder ;  but  care  must  be  taken  not  to  strain  the  lattice 
bars  of  the  main  girders  beyond  their  safe  limit  by  bringing  too 
great  a  local  pressure  on  those  which  intersect  at  the  ends  of  the 
cross-girders.  The  rail-girders  may  be  conveniently  made  of 
plating  or  lattice  work,  similar  in  general  design  to  the  main  girders 
of  small  bridges  and  framed  in  between  the  cross-^ders.  In 
some  cases  these  rail-girders  run  above  the  cross-girders  in  un- 
broken lines  from  end  to  end  of  the  bridge  like  the  keelsons  of 
a  ship.  This  arrangement  requires  greater  depth  from  soffit  of 
bridge  to  rail  than  the  former,  and  cannot  therefore  be  so  fre- 
quently adopted.  Mr.  Wm.  Anderson  has  shown  the  great 
economy  of  placing  the  cross-girders  12  feet  apart  or  upwards, 
especially  with  double  line  bridges,  by  means  of  the  following  data 
and  estimate  based  thereon.* 

Maximum  weight  of  engine,     -        -  34  tons, 

Maximum  load  on  driving  wheels,     -  16  tons, 

Wheel  base, 12  feet, 

Depth  of  cross-girders,     ...  -j^^thofspan. 

•  Trans.  IntL  of  C.  B.  of  Ireland,  VoL  viii.,  1866. 
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SINOI.E  LlHl. 

Croofl-giiden,  8  feet  i^>art, 

Span. 

Total 
load  (m 
girders. 

Net  area 

of  bottom 

flange. 

Weight 
girders. 

Weight  per 

ft  nin  of 

bridge. 

feet 
14 

tons. 
17-26 

sq.  in. 
6-8 

tt»s. 
1,206 

lbs. 
402 

CroBs-girden,  12  feet  apart,     - 

14 

29-85 

10-98 

1,700 

t       268-2 

Losgitodinal  xail-girden, 

12 

19-54 

10-8 

1,518 

) 

DOUBLB  LiNB. 

Gross-girders,  8  feet  apart, 

25i 

85-00 

11-4 

8,654 

1,218 

Croes-girders,  12  feet  apart,     - 

25i 

58-64 

19-2 

4,704 

(       645 

Longitudinal  rail-girders, 

1 

12 

88-64 

21-6 

8,026 

\ 

The  permanent  load  of  the  roadway  per  running  foot,  including 
cross-girders  3  feet  apart,  sheeting,  ballast,  sleepers  and  rails  for  a 
single-line  bridge,  14  feet  wide  .between  main  girders  (Irish  gauge 
5'  3'0)  he  estimates  as  follows: — 


SmOLE  LIKE  BRmOE. 


Weight  in  tons 
per  nmning  foot  of  bridge. 


Cross-girders,  3  feet  apart,        ...  -18 

Sheeting  of  4-inch  planks  and  bolts  for  same,  '10 

Kails,  chairs,  spikes,  and  sleepers  (permanent  way),  '06 
Ballast  (from  3  to  4  inches  deep),      -        -  *20 


0*54  iouBy 

which  is  equivalent  to  a  load  of  86*4  ft>s.  per  square  foot  of 
platform.  This  0*54  ton  is  the  permanent  load  of  roadway  for  a 
single  line  per  running  foot,  and  is  exclusive  of  main  girders  and 
cross-bracing,  which  vaiy  with  the  span.  The  similar  permanent 
load  of  roadway  for  a  double  line,  25^  feet  between  main  girders, 
is  about  1*2  ton  per  running  foot,  or  a  little  more  than  double  that 
for  a  single  line,  which,  however,  may  be  reduced  to  about  1  ton 
by  placing  the  cross-orders  from  10  to  12  feet  apart  with  rail- 
girders  between. 

In  cold  countries  the  weight  of  snow  should  not  be  left  out  of 
consideration.  This  has  been  estimated  in  America  as  high  as 
30  fibs,  per  square  foot  over  the  whole  surface  of  the  bridge. 


I 


If  more  economical  to 

I  the  rails;  they  then 

Ij^troae^rdera.     When, 

~'**~h'~w QO^ath  the  ruls,  a  modi* 

.  — /BBP^^tSJ^^^'S^  such  as  that  deugned 
,  «  ^  *i^«i$i«  lH  W|  I  i  I  the  Dublin,  Wicklov 


tils  ^^^&#  'g^tiTose-girde 
i«lt«ij||li|tS4£^<»^:<ith  the  n 
^|#J^»>e£9Sk«^^  such  as  tl 


:|^'' 


•3S*.-S*.-S».'?»».-S-  -«-:IpS^HS!S^: 


ilate  girders  connected 

:eper  and  rail  are  laid 

^23^*  The  girders  are  thus 

^  '"^pidnting  without  dia- 

^^^ime  time  no  water  can 


_  The  following  are 

u§;<u^^ccti^i^iecting  the  crose-girders 

%  ■  .jt.-i- 

_a_-A'-ia_-^j^jyg  aflFord  a  measure 
[sjl^dge  can  be  subjected. 
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This  rule  applies  equally  to  the  main  and  the  transverse  girders. 
The  latter  should  be  so  proportioned  as  to  carry  the  heaviest 
weights  on  the  driving  wheels  of  locomotive  engines. 

2.  The  upper  surfaces  of  the  wooden  platforms  of  bridges  and 

M 

viaducts  should  be  protected  from  fire. 

3.  No  standing  work  should  be  nearer  to  the  side  of  the  widest 
carriage  in  use  on  the  line  than  2  feet  4  inches  at  any  point 
between  the  level  of  2  feet  6  inches  above  the  rails  and  the  level 
of  the  upper  parts  of  the  highest  carriage  doors.  This  applies  to 
all  arches,  abutments,  piers,  supports,  girders,  tunnels,  bridges, 
roofs,  walls,  posts,  tanks,  signals,  fences  and  other  works,  and  to 
all  projections  at  the  side  of  a  railway  constructed  to  any  gauge. 

4.  The  intervals  between  adjacent  lines  of  rails,  or  between  lines 

of  rails  and  sidings,  should  not  be  less  than  6  feet. 

449.    Roadways    of   poblle    bridi^es — Backled-plates. — 

The  roadways  of  iron  public  bridges  are  generally  formed  in  one 
of  the  four  following  ways. 

1®.  Brick  arches  spring  between  the  lower  flanges  of  the  longi- 
tudinal or  cross-girders  as  the  case  may  be,  and  their  haunches 
are  levelled  up  with  concrete,  over  which  the  pavement  is  laid. 
Sometimes  a  thin  layer  of  tar  asphalt  is  spread  over  the  concrete 
to  prevent  surface  water  from  percolating  through  the  brickwork. 
The  span  of  the  arches,  that  is,  the  distance  between  the  girders, 
may  vary  from  4  to  8  feet,  and  iron  cross-ties  are  required  at 
moderate  intervals  to  bind  the  girders  together  and  prevent  them 
from  spreading  sideways  under  the  thrust  of  the  arches.  The 
weight  of  a  square  foot  of  this  roadway,  exclusive  of  girders  and 
cross-ties,  may  be  estimated  as  follows : — 

Iba.  Ibfi. 

Brickwork,  4^  inches  deep,      -        -     36       if  9  inches  deep,  72 
Concrete,  averaging  4  inches  deep,   -    47       if  6        do.  705 

Asphalt,  ^  inch  deep,       ---7---  7 

Pavement  and  sand,  9  inches  deep, 
or  12  inches  of  broken  stone,         -  110        -        -        -      110 
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2^.  Arched  wrought-iron  flooring  plates,  |  to  ^  inch  thick,  are 
riveted  to  the  upper  flanges  of  the  longitudinal  girders  and  their 
haunches  are  levelled  up  with  asphalt  or  concrete,  over  ivhich  the 
pavement  or  broken  stone  is  laid  as  before.  These  arched  plates 
also  require  cross-ties  to  prevent  the  outside  girders  from  spread- 
ing, but  the  plates  themselves  may  often  be  made  to  take  an 
important  share  in  the  structure  by  strengthening  the  upper,  or 
compression,  flanges  of  the  girders,  and  thus  economizing  material. 
The  weight  per  square  foot  of  this  roadway,  excluding  cross-ties, 
may  be  estimated  as  follows : — 

ttl8.  Ibfl. 

Arched  plates,         -----     20  to  26 

Asphalt,  averaging  3  inches  deep,    -        -    42       if  4  inches,    56 
Pavement  or  broken  stone  as  before,         -110      -        -        -110 
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3^.  Flat  cast-iron  plates,  |  to  1  inch  thick  with  stiffening  ribs 
on  the  upper  surface,  are  bolted  to  the  upper  flanges  of  the 
longitudinal  girders  and  then  levelled  up  with  asphalt  to  the  top 
of  the  ribs,  3  or  4  inches  deep,  over  which  the  pavement  or  broken 
stone  is  laid  as  before.  The  weight  per  square  foot  of  this  road- 
way is  from  20  to  30  Ifos.  more  than  in  the  last  case,  but  no  cross- 
ties  are  required. 

4°.  Wrought-iron  buckled-plates,  ^  to  ^th  inch  thick,  are  bolted 
or  riveted  to  the  upper  flanges  of  the  longitudinal  girders  and 
levelled  up  with  concrete  or  asphalt,  over  which  the  broken  stone 
or  pavement  is  laid  as  before.  Angle  or  tee  iron  covers  are  riveted 
to  the  cross  joints  of  the  plates  and  support  them  at  frequent 
intervals  like  short  cross-girders.  The  weight  per  square  foot  of 
this  roadway,  including  the  angle  or  tee  iron  covers,  is  closely  the 
same  as  in  case  2. 

The  following  data  respecting  Mallet's  buckled-plates  are 
derived  from  the  trade  circular. 

The  resistance  of  square  buckled-plates  is  directly  as  the  thick- 
ness and  inversely  as  the  clear  bearing.  A  buckled-plate,  bolted 
or  riveted  down  all  round,  gives  double  the  resistance  of  the  same 
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pUte  ^j  »pp«rW  jl  „n.d,  «,d  if  two  opp<»te  «d«,  b, 
wholly  unsupported,  its  resistance  is  reduced  in  the  ratio  of  8  to  5. 
Within  the  limit  of  "  safe  load"  the  resistance  is  nearly  the  same, 
whether  it  be  upon  the  crown  or  uniformly  diffused.  The  stiffness 
at  any  point  of  the  plate,  as  against  unequal  loading,  is  as  the 
square  of  the  thickness  nearly,  and  inversely  as  the  curvature. 
The  curvature  (unless  for  special  object)  should  never  exceed  that 
which  will  just  prevent  the  "crippling  load"  bringing  the  plate 
down  flat,  by  compression  of  the  material;  less  than  2  inches 
versed-sine  of  curvature  has  been  found  sufficient  for  J  inch 
buckled-plates  4  feet  square.  A  3  foot  square  buckled-plate,  of 
ordinary  Staffordshire  iron  ^  in.  thick,  2  in.  width  of  fillet.  If  in. 
curvature,  supported  only  all  round,  requires  upwards  of  nine 
tons  diffused  over  about  half  the  superficies  at  the  crown  to  cripple 
it  down,  and  double  this,  or  eighteen  tons  to  cripple  it,  if  firmly 
bolted  or  riveted  down  to  rigid  framing  all  round.  A  similar 
plate  of  soft  puddled  steel  has  been  found  to  bear  nearly  double 
the  preceding,  or  thirty-five  tons  to  the  square  yard.  Mr.  Thomas 
Page,  C.E.,  has  proved  the  buckled-plates  of  the  floor  of  West- 
minster  new  bridge-each  averaging  7  feet  by  3  feet,  i  inch  thick, 
and  3^  inch  curvature — by  lowering  upon  the  crown  of  each  a 
block  of  granite  of  seventeen  tons  weight,  which  they  sustained 
without  injury.  In  structures  exposed  to  impulsive  loads,  such  as 
railway  or  other  bridge  flooring,  one-sixth  of  these  "crippling 
loads"  should  not  be  exceeded  for  the  safe  load,  nor  one-fourth 
for  quiescent  loading.  The  size  of  buckled-plates  formed  of  one 
single  rolled  plate  is  only  limited  by  the  breadth,  to  which  sheet 
or  plate  iron  can  be  rolled,  at  market  prices ;  and  the  sizes  that 
have  been  found  most  advantageous  for  the  majority  of  purposes 
are  plates  of  3  feet  and  of  4  feet  square,  or  of  those  widths  by  the 
full  length  of  the  sheet.  Square  plates  of  either  of  the  two 
ordinary  market  sizes  are  always  to  be  preferred,  on  the  ground 
of  economy  in  prime  cost,  and  in  application,  and  facility  in  being 
obtained  promptly  from  the  makers.  Square  plates  produce  a 
stronger  floor,  with  a  given  weight  of  iron,  than  any  rectangular 
plate ;  the  resistance  of  the  latter  being  that  nearly  of  a  square 
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CHAPTER    XXIV. 

COUNTEBBRACING. 

448.  FernuiDent  or  dead  load — ^PaAslnir  or  live  load* — 

The  strains  in  the  web  of  a  braced  girder  are  constant  both  in 
amount  and  kind  so  long  as  the  load  remains  stationary.  If, 
however,  the  load  changes  its  position  the  strain  will  alter  in 
amount,  and  perhaps  in  kind  also,  and  it  is  to  meet  this  latter 
change  in  the  character  of  the  strain  that  counterbracing  is  re- 
quired. Now,  a  certain  portion  of  the  load  which  every  girder 
sustains  is  fixed  and  consists  of  what  I  have  elsewhere  called  the 
^'permanent  load,"  or  ^^dead  load,"  including  in  this  term  the 
weight  of  the  whole  superstructure,  viz.,  the  main  girders,  cross- 
girders,  cross-bracing,  platform,  rails,  sleepers  and  ballast.  This 
permanent  load  produces  definite  strains  in  the  bracing  which 
remain  constant,  both  in  amount  and  kind,  until  a  further  load 
comes  upon  the  bridge.  Let  us  consider  the  effect  of  a  moving  or 
"  live"  load  of  uniform  density,  say  a  train  of  carriages,  traversing 
a  girder  with  horizontal  flanges,  and  we  may  chiefly  confine  our 
attention  to  the  strains  developed  in  the  bracing  at  either  end  of 
the  train,  as  it  has  been  shown  in  dl  and  190,  that  the  maximum 
strains  in  the  bracing  from  train-loads  occur  at  these  points.  As 
the  advancing  train  approaches  the  centre  of  the  girder  the  normal 
strains  in  the  bracing  between  the  centre  and  the  front  of  the  train 
are  diminished,  or  even  reversed,  by  the  passing  load.  In  the 
latter  case  each  brace  attains  its  maximum  reverse  strain  as  the 
front  of  the  train  passes  it  and  counterbracing  must  be  provided 
accordingly.  During  the  same  period,  i.e.,  while  the  train  advances 
towards  the  centre,  the  permanent  strains  in  the  second  half-girder 
are  receiving  gradual  increments  of  their  own  kind,  but  each  brace 
in  this  half  does  not  attain  its  state  of  maximum  strain  until  the 


I 
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train  has  crossed  the  centre  and  is  so  far  advanced  that  its  front  is 
passing  that  particular  brace,  after  which  the  strain  again  diminishes 
till  the  other  end  of  the  train  is  passing,  when  the  strain  is  either 
at  its  minimum,  or,  if  altered,  attains  its  maximum  of  the  reverse 
kind  to  that  produced  by  the  permanent  load,  in  which  case  there- 
fore the  brace  requires  counterbracing. 

449.  Pasftiiiff  loads  require  the  centre  of  the  web  to  be 
eoanterbraeed — ^liar^e  lilrders  require  less  counterbraelnir 

In  proportion  to  their  slae  than  small  ones, — The  permanent 
load  is  usually  disposed  symmetrically  on  either  side  of  the  centre ; 
consequently,  the  normal  strains  in  the  bracing  near  the  centre 
are  less  in  amount  than  in  other  parts,  and  it  is  in  the  central 
braces  alone  that  strains  of  a  reverse  character  are  produced 
by  a  moving  load,  requiring  counterbracing  for  some  distance 
on  either  side  of  the  centre.  It  is  evident  that  the  heavier 
the  permanent  load  is,  the  less  will  be  the  amount  of  counter- 
bracing  required  for  a  given  passing  load.  It  has  been  already 
shown  in  60  that  the  shearing-strain  (to  which  the  strain  in  the 

bracing  is  proportional)  at  the  end  of  a  passing  train  =   -   . '  where 

w'  =  the  passing  load  per  linear  unit, 

/    =  the  length  of  the  girder, 

n    =  the  length  covered  by  the  advancing  load. 

But  the  shearing-strain  at  the  same  point  from  the  permanent  load 

where  xo  =  the  permanent  load  per  linear  unit,  and  n  and  I  are  as 

before,  n  being  supposed  less  than  -.     Now,  if  n  be  proportional  to 

I  in  girders  of  different  lengths,  the  shearing-strain  from  the 
passing  load  will  vary  as  w'ly  and  that  from  the  permanent  load 
as  wl\  and,  since  w  increases  in  large  girders  as  some  high  power 
of  the  length,  while  w'  may  be  considered  constant  for  girders  of 
all  sizes,  the  shearing-strain  due  to  the  permanent  load  will  bear 
a  considerably  greater  ratio  to  that  from  the  passing  load  in  long 
than  in  short  girders.     Consequently,  the  proportion   which  the 
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coimterbracing  bears  to  the  whole  amount  of  material  diminishes 
rapidly  with  the  span  of  the  girder.  The  counterbracing  termi- 
nates where  the  two  shearing-strains  are  equal,  and  the  point  where 
this  occurs  may  be  determined  by  equating  them  to  each  other  and 
solving  the  resulting  equation  for  n  as  follows: — 

w'rf  1 1         \ 

21  \2         J 

Arranging  according  to  powers  of  n, 

w'w*  +  2wln  —  wP  =  0 
solving  for  n, 

\  ~w'  / 

If,  for  example,  w  =  w\ 

n  =  i  (—  1  +  V2)  =  -414/ 

450.  Coanterbradnir  of  Tertical  and  diagonal  bra^JD^^ — 
Iabt^  bowBtrlnir  irtrders  require  little  cooiiterbraelBir* — 

Girders  with  vertical  and  diagonal  bracing,  such  as  that  inves- 
tigated in  Chapter  VI.,  may  be  counterbraced  either  by  making 
the  bracing  near  the  centre  capable  of  acting  indifferently  as  struts 
and  ties,  or  by  adding  a  second  system  of  diagonals  crossmg  the 
first.  If  this  counterbracing  be  carried  throughout  the  whole 
length  of  the  girder  (as  in  cross-bracing),  it  is  possible  by  tighten- 
ing it  up  to  produce  an  initial  strain  in  the  bracing  proper,  in 
which  case  the  effect  of  a  load  will  be  to  diminish  the  strain  in  the 
counterbracing,  which,  however,  will  relapse  into  its  former  state 
of  strain  as  soon  as  the  load  is  removed  (448). 

I  cannot  close  these  observations  on  counterbracing  without 
drawing  attention  to  one  important  merit  which  bowstring 
girders  possess.  When  the  load  is  uniformly  distributed  the 
strains  in  the  bracing  are  tensile,  for  the  lower  flange  and  load 
are  merely  suspended  from  the  bow,  which  differs  but  slightly  from 
the  curve  of  equal  horizontal  thrust  and  therefore  requires  but  little 
bracing  to  keep  it  in  form.  Hence,  compressive  strains  are  produced 
in  the  bracing  only  under  the  influence  of  passing  loads ;  and  in 
large  girders,  where  the  permanent  load  of  string  and  roadway 
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is  great  compared  with  the  passing  load,  it  may  happen  that  the 
compressive  strains  produced  by  the  latter  do  not  exceed  the 
tensile  strains  which  the  bracing  sustains  in  its  normal  state.  If, 
for  instance,  the  permanent  load  of  the  lower  flange  and  roadway 
in  the  example  worked  out  in  908  were  twice  as  heavy  as  the 
passing  load,  the  stndns  in  all  the  diagonals  would  be  tensile  under 
all  circumstances ;  even  if  the  permanent  load  were  only  once  and  a 
half  as  heavy  as  the  passing  load,  diagonal  6  alone  would  sustain 
slight  compression.  In  this  case  the  difficulty  of  providing  against 
flexure  in  long  compression  bars  does  not  arise,  and  the  only  part 
of  the  structure  subject  to  compression  is  the  bow,  which  from  its 
large  sectional  area  can  be  economically  constructed  of  a  form 
suited  to  resist  buckling  or  flexure. 
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DEFLECTION  AND   CAMBER. 


451.  Deflection  earre  of  irlrders  with  horizontal  flanf^en 
of  uniform  streng^th  I0  eireolar. — It  has  been  already  shown  in 
Chap.  VIII.  that  the  deflection  curve  of  girders  with  horizontal 
flanges  of  uniform  strength,  that  is,  girders  whose  flanges  vary  in 
sectional  area  so  that  they  are  subject  to  the  same  unit-strain 
throughout  the  whole  length  of  each  flange  respectively,  is  circular 
and  easily  calculated  by  a  simple  formula  (eq.  132).  When,  how- 
ever, the  flanges  are  of  uniform  section  throughout  their  whole 
length,  and  their  strength  therefore  excessive  near  the  ends,  the 
deflection  will  be  somewhat  less,  and  may  be  calculated  by  the 
method  explained  in  986  and  the  following  articles.  When  the 
strength  of  a  girder  is  not  uniform,  there  is  of  course  a  certain 
waste  of  material,  which,  however,  cannot  always  be  avoided, 
although  some  methods  of  construction — the  cellular  flanges  of 
tubular  bridges  for  instance — are  more  liable  to  this  objection  than 
others,  as  they  cannot  in  practice  be  tapered  ofl*  towards  the  ends  in 
accordance  with  theory. 

45d.  Ilefleetion  an  ineorreet  measure  of  strenggrtii* — Since 
the  deflection  depends  not  only  on  the  unit-strains  in  the  flanges, 
but  also  on  the  proportion  of  length  to  depth,  on  the  coefficient  of 
elasticity  of  the  material,  and  to  some  extent  on  the  mode  of  con- 
struction, the  popular  rule  by  which  the  strength  is  estimated  from 
the  deflection  alone,  though  possessing  the  merit  of  simplicity,  is 
extremely  vague  and  liable  to  lead  to  false  conclusions  unless  when 
comparing  girders  of  the  same  length,  depth,  and  material.  The 
deflection  of  any  particular  girder,  however,  is  sensibly  proportional 
to  the  load,  provided  the  strains  are  within  the  elastic  limit,  which 
they  always  are  in  safe  practice. 
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458.  Camber  omamemtal  rather  than  oseftal — Pennanent 
net  after  eonstraetloD. — As  the  amount  of  deflection  is  in 
practice  very  small  compared  with  the  length  of  a  girder,  no  appre- 
ciable diminution  of  strength  is  produced  merely  by  the  change 
from  a  horizontal  line  to  the  deflection  curre,  for  deflection,  unless 
so  excessive  as  to  change  the  vertical  reaction  of  the  abutments 
into  an  oblique  one,  is  the  result,  not  the  cause,  of  increased 
strain.  A  downward  curve,  or  even  a  truly  horizontal  line  is, 
however,  less  pleasing  to  the  eye  than  a  slight  camber ;  hence,  it 
is  desirable  to  give  an  initial  camber  somewhat  in  excess  of  the 
calculated  deflection,  so  that  when  the  girder  is  loaded  no  per- 
ceptible sag  may  suggest  the  idea  of  weakness,  even  though 
imaginary.  It  should  also  be  borne  in  mind  that  the  various  parts 
of  a  built  girder  are  put  together  free  from  strain  and  are  fre- 
quently a  little  out  of  line ;  consequently,  when  a  large  girder  first 
supports  its  own  weight,  and  again,  but  in  a  less  degree,  when  it 
is  tested  with  a  heavy  load  for  the  first  time,  there  is  a  certain 
slight  motion  from  the  closing  up  or  stretching  out  of  the  various 
parts  accommodating  themselves  to  their  new  state.  A  permanent 
set  is  the  result,  which,  however,  is  not  necessarily  indicative  of 
weakness,  provided  it  is  not  increased  by  subsequent  loads,  which 
should  only  produce  a  temporary  deflection.     This  congenital  set 

sometimes  nearly  doubles  the  calculated  deflection. 

454.  lioaiU  in  rapid  motion  prodaee  greater  delleetlon 
than  stationary  or  slow  loads — Mjenm  pereeptihie  In  larfpe 
than  small  hrld^es — llefleetlon  Increased  by  road  belnfr 
ont  of  order — Railway  hrld^es  under  40  feet  span  re- 
quire extra  strenirth  In  eonsequenee  of  the  Teloelty  of 
trains. — The  Commissioners  appointed  to  inquire  into  the  ap- 
plication of  iron  to  railway  structures  "carried  on  a  series  of 
experiments  to  compare  the  mechanical  eflPect  produced  by  weights 
passing  with  more  or  less  velocity  over  bridges,  with  their  effect 
when  placed  at  rest  npon  them.  For  this  purpose,  amongst  other 
methods,  an  apparatus  was  constructed,  by  means  of  which  a  car 
loaded  at  pleasure  with  various  weights  was  allowed  to  run  down 
an  inclined  plane;  the  iron  bars  which  were  the  subject  of  the 
experiment  were  fixed  horizontally  at  the  bottom  of  the  plane,  in 
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such  a  manner  that  the  loaded  car  woold  pass  over  them  with  the 
velocity  acquired  in  its  descent.  Thus  the  effects  of  ^ving  different 
velocities  to  the  loaded  car,  in  depressing  or  fracturing  the  bars, 
could  be  observed  and  compared  with  the  effects  of  the  same  loads 
placed  at  rest  upon  the  bar.  This  apparatus  was  on  a  sufficiently 
large  scale  to  give  a  practical  value  to  the  results ;  the  upper  end 
of  the  inclined  plane  was  nearly  40  feet  above  the  horizontal 
portion,  and  a  pair  of  rails,  3  feet  asunder,  were  laid  along  its  whole 
length  for  the  guidance  of  the  car,  which  was  capable  of  being 
loaded  to  about  2  tons ;  the  trial  bars,  9  feet  in  length,  were  laid 
in  continuation  of  this  railway  at  the  horizontal  part,  and  the 
inclined  and  horizontal  portions  of  the  railway  were  connected  by 
a  gentle  curve.  Contrivances  were  adapted  to  the  trial  bars,  by 
means  of  which  the  deflections  produced  by  the  passage  of  the 
loaded  car  were  registered ;  the  velocity  given  to  the  car  was  also 
measured,  but  that  velocity  was,  of  course,  limited  by  the  height  of 
the  plane,  and  the  greatest  that  could  be  obtained  was  43  feet  per 
second,  or  about  30  miles  an  hour.  A  great  number  of  experiments 
were  tried  with  this  apparatus,  for  the  purpose  of  comparing  the 
effects  of  different  loads  and  velocities  upon  bars  of  various 
dimensions,  and  the  general  result  obtained  was  that  the  deflection 
produced  by  a  load  passing  along  the  bar  was  greater  than  that 
which  was  produced  by  placing  the  same  load  at  rest  upon  the 
middle  of  the  bar,  and  that  this  deflection  was  increased  when  the 
velocity  was  increased.  Thus,  for  example,  when  the  carriage 
loaded  to  1,120  fibs,  was  placed  at  rest  upon  a  pair  of  cast-iron  bars, 
9  feet  long,  4  inches  broad,  and  1^  inch  deep,  it  produced  a 
deflection  of  -^ths  of  an  inch ;  but  when  the  carriage  was  caused 
to  pass  over  the  bars  at  the  rate  of  10  miles  an  hour,  the  deflection 
was  increased  to  -^^ths,  and  went  on  increasing  as  the  velocity  was 
increased,  so  that  at  30  miles  per  hour  the  deflection  became  1^ 
inch ;  that  is  more  than  double  the  statical  deflection.  Since  the 
velocity  so  greatly  increases  the  effect  of  a  given  load  in  deflecting 
the  bars,  it  follows  that  a  much  less  load  will  break  the  bar  when 
it  passes  over  it  than  when  it  is  placed  at  rest  upon  it,  and 
accordingly,  in  the  example  above  selected,  a  weight  of  4,150  fl>s.  is 
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required  to  break  the  bars  if  applied  at  rest  upon  their  centres ; 
but  a  weight  of  1,778  fibs,  is  sufficient  to  produce  fracture  if  passed 
over  them  at  the  rate  of  30  miles  an  hour.  It  also  appeared  that 
when  motion  was  given  to  the  load,  the  points  of  greatest  deflection, 
and,  still  more,  of  the  greatest  strains,  did  not  remain  in  the  centre 
of  the  bars,  but  were  removed  nearer  to  the  remote  extremity  of 
the  bar.  The  bars,  when  broken  by  a  travelling  load,  were  always 
fractured  at  points  beyond  their  centres,  and  often  broken  into  four 
or  five  pieces,  thus  indicating  the  great  and  unusual  strains  they 
had  been  subjected  to."*  These  experiments  show  that  a  load  in 
rapid  motion  causes  greater  deflection  than  the  same  load  at  rest 
or  moving  slowly,  especially  when  the  moving  load  is  very  large 
compared  with  the  dead  weight  of  the  girder.  The  increase, 
however,  is  generally  slight  in  railway  practice,  and  the  greater  the 
weight  of  the  structure  is  to  that  of  the  passing  train  the  less  will 
be  the  increment  of  deflection  due  to  rapid  motion.  The  difference 
of  deflection  caused  by  a  locomotive  crossing  the  central  span  of 
the  Boyne  Viaduct,  264  feet  in  the  clear  between  supports,  at  a 
very  slow  speed  and  at  50  miles  an  hour  was  scarcely  perceptible, 
and  did  not  exceed  the  width  of  a  very  fine  pencil  stroke,  but  the 
increase  of  deflection  is  more  marked  in  bridges  of  small  span,  as 
appears  from  the  following  experiments  made  on  the  Godstone 
Bridge,  South  Eastern  Railway,  by  the  Commissioners  appointed 
to  inquire  into  the  application  of  iron  to  railway  structures.!  The 
Godstone  is  a  cast-iron  girder  bridge,  30  feet  in  span,  with  two 
lines  of  railway. 

Tons. 

Weight  of  two  girders,         -  •  -  -     15 

Weight  of  platform  between  these  girders,  -  -     10 

Weight  of  half  the  bridge,  i.«.,  dead  load,     -     25 

Weight  of  engine,    •            -            -            -            -    21 
Weight  of  tender, 12 

Moving  load,  -  -  -  -    33 

*  Iron  Com,  Report,  pi  zi  f  Idem^  Ajpp.,  p.  250. 
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Velocity  In  feet  per  second. 

Deflection  In  decimals  of  an  Inch. 

0, 
22  =  }5   miles  per  hour, 
40  =  27-3  do.            do.        - 
73  =  49-8  do.            do.        - 

•19 
•28 
•22 
•25 

Similar  results  were  obtained  from  the  Ewell  Bridge,  upon  the 
Croydon  and  Epsom  Line.  The  span  of  the  Ewell  Bridge  is  48 
feet,  the  dead  weight  of  one-half  is  30  tons,  and  the  statical 
deflection  due  to  an  engine  and  tender,  weighing  39  tons,  was 
rather  more  than  one-fifth  of  an  inch.  "This  was  slightly  but 
decidedly  increased  when  the  engine  was  made  to  pass  over  the 
bridge,  and  at  a  velocity  of  about  50  miles  per  hour  an  increase  of 
one-seventh  was  observed.  As  it  is  known  that  the  strain  upon  a 
girder  is  nearly  proportional  to  the  deflection,  it  must  be  inferred 
that  in  this  case  the  velocity  of  the  load  enabled  it  to  exercise  the 
same  pressure  as  if  it  had  been  increased  by  one-seventh,  and  placed 
at  rest  upon  the  centre  of  the  bridge.  The  weight  of  the  engine 
and  tender  was  39  tons,  and  the  velocity  enabled  it  to  exercise  a 
pressure  upon  the  girder  equal  to  a  weight  of  about  45  tons."* 

The  fact  of  slightly  increased  deflection  from  rapidly  moving 
loads  is  also  confirmed  by  Mr.  Hawkshaw's  experiments  with  an 
engine  and  tender  run  at  a  speed  of  about  25  miles  an  hour  over 
five  compound  iron  girder  bridges  on  the  Wakefield  and  Goole 
Railway.  These  girders  varied  in  span  from  55  feet  7  inches  to 
88  feet  6  inches,  and  were  therefore  less  affected  by  rapid  loads 
than  the  smaller  bridges  just  described.  Mr.  Hawkshaw  inferred 
that  "  where  the  road  is  in  good  order  the  deflection  is  not  much 
increased  by  speed,  but  that  where  the  road  is  out  of  order,  then 
there  is  an  increase  of  deflection."  For  instance,  the  road  im- 
mediately leading  on  to  one  of  the  bridges  in  question  "w^as 
considerably  depressed  in  level,  so  that  in  running  the  train  over 
the  bridge  at  speed  the  whole  weight  of  the  train  had  to  be 


•  Iron  Com.  Report^  p.  xiv. 
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suddenly  lifted,  and  this  of  course  had  to  be  sustained  by  the  girders 
as  well  as  the  ordinary  weight  of  the  train."* 

•The  conclusions  of  the  Commissioners,  as  given  at  p.  xviii.  of 
their  report,  is  as  follows : — "  That  as  it  has  appeared  that  the  effect 
of  velocity  communicated  to  a  load  is  to  increase  the  deflection 
that  it  would  produce  if  set  at  rest  upon  the  bridge;  also  that 
the  dynamical  increase  in  bridges  of  less  than  40  feet  in  length  is 
of  sufficient  importance  to  demand  attention,  and  may  even  for 
lengths  of  20  feet  become  more  than  one-half  of  the  statical 
deflection  at  high  velocities,  but  can  be  diminished  by  increasing 
the  stiffness  of  the' bridge;  it  is  advisable  that,  for  short  bridges 
especially,  the  increased  deflection  should  be  calculated  from  the 
greatest  load  and  highest  velocity  to  which  the  bridge  may  be  liable ; 
and  that  a  weight  which  would  statically  produce  the  same 
deflection  should  in  estimating  the  strength  of  the  structure,  be 
considered  as  the  greatest  load  to  which  the  bridge  is  subject/* 

466.  KITect  ofcentriftoirAl  Ibrce. — Centrifugal  force  produces 
a  very  slight  but  appreciable  increase  of  pressure  when  the  load 
passes  rapidly  across  girders  which,  though  ordinarily  level,  become 
deflected  by  the  load,  and  still  more  so  if  they  happen  to  have 
been  built  originally  hollow  in  place  of  being  level  or  cambered. 
The  increased  pressure  due  to  this  cause  is  expressed  by  the  fol- 
lowing well  known  equation : — 

9 
Where  P  =  the  pressure  due  to  centrifugal  force, 

R  =  the  radius  of  curvature  in  feet, 

W  =  the  load, 

17  =  the  velocity  in  feet  per  second, 

g  =  the  acceleration  due  to  gravity  =  32  feet  per  second. 

Ex.  1.  A  girder  bridge  200  feet  in  span  is  deflected  0*25  foot  below  the  Horizontal  line 
by  a  certain  load,  W,  at  rest ;  what  is  the  increased  pressure  due  to  oentrifogal  force 
if  W  trayerses  the  bridge  at  the  rate  of  60  miles  an  hour  ? 

Here,    v  =    ^0X5280    _  gS  feet  per  second. 
60X60  *^ 

R=    15^15?    =20.000  feet 
0-5 

*  Imn  Cam.  Report^  App-t  P*  412* 

2   P 


P  =  ^  (251) 
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Amtoer,    P  =  ^^X88X88  ^  .^^^IW. 
82X20,000 

Ex.  2.  If  the  span  were  only  100  feet,  and  the  deflection  and  Telocity  a«  before^  we 

would  have  R  =  5,000  feet^  or  ^th  of  its  former  yalne,  whence^ 

AMwer,    P  =  -OiSiW  =  ^  nearly. 

466.  Praetieal  methoili  of  prodnciiiv  eamlier  and  measvr- 
in^  deflection. — ^The  deflection  of  a  girder  supported  at  both 
ends  is  the  result  of  the  lower  flange  being  extended  while  the 
upper  one  is  shortened,  and  camber  may  be  produced  by  the  reverse 
of  this,  that  is,  by  making  the  bays  of  the  upper  flange  slightly 
longer  than  those  of  the  lower  one  when  the  girder  is  in  process 
of  construction  (MS). 

When  small  girders  are  under  proof,  their  deflection  may  be 
conveniently  measured,  unless  there  happens  to  be  a  strong  wind, 
by  means  of  a  fine  wire  fastened  to  one  end  of  the  girder  and 
passing  over  a  pulley  attached  to  the  other  end,  where  a  small 
weight  will  keep  it  in  a  state  of  constant  tension.  The  deflections 
should  be  read  on  a  scale  attached  to  the  girder  itself;  when 
measured  from  an  object  fixed  outside  the  girder  they  cannot  be 
depended  on,  owing  to  the  supports  on  which  the  ends  of  the 
girder  rest  being  compressed  by  the  weight  of  the  testing  load. 
When  great  accuracy  is  not  required  the  deflection  of  a  girder 
bridge  from  passing  loads  may  be  measured  by  means  of  two 
wooden  rods,  the  bottom  of  one  of  which  rests  on  the  surface  of 
the  ground  beneath  the  bridge,  while  the  top  of  the  second  rod  is 
pressed  upwards  against  the  soffit  of  the  girder,  so  that  they  over- 
lap each  other  midway ;  a  pencil  line  is  then  ruled  across  both 
rods,  and  when  the  upper  one  is  depressed  by  a  passing  load  its 
line  will  descend  slightly,  the  distance  between  the  two  lines  giving 
the  deflection  of  the  girder. 
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CHAPTER  XXVL 

DEPTH  OF  GIRDERS  AND  ARCHES. 

459.  Depth  of  iplrders  senerally  Taries  fk*om  one-elfrUh 
to  one-sixteenth  of  the  span — ^Hepth  determlnM  by  praetleal 

eonfliMeratlons. — The  depth  of  large  girders,  with  the  exception 
of  triangular  trusses,  seldom  exceeds  l-8th,  or  is  less  than  l-16th  of 
the  span.  For  many  years  the  common  rule  for  cast-iron  girders 
was  to  make  the  depth  l-15th  of  the  span  and  this  established  a 
precedent  for  wrought-iron  girders,  but  modem  practice  has  with 
great  advantage  increased  the  ratio,  so  that  from  l-8th  to  1-1 2th 
are  now  common  proportions  for  braced  girders.  As  the  leverage 
of  the  flange  is  directly  as  the  depth,  while  the  quantity  of  material 
in  the  web  is  theoretically  independent  of  it,  it  might  be  inferred 
that  the  deeper  the  girder  the  greater  the  economy  (914).  The 
practical  limit,  however,  is  defined  by  the  extra  material  required 
to  stiffen  long  compression  bars  or  thin  deep  plate  webs,  nor  should 
we  overlook  the  necessity  of  having  sufficient  thickness  in  the  web 
for  durability  and  sufficient  material  in  the  compression  flange  to 
keep  it  from  flexure  or  buckling.  The  following  table  contains 
the  principal  dimensions  of  some  important  Bowstring  bridges, 
which  are  generally  made  deeper  than  girders  with  horizontal 
flanges. 
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46S.  Bconomleal  profiortlOB  of  web  to  flanire — Praetlcal 
rules. — When  a  ^ven  quantity  of  material  is  to  be  distributed  in 
the  most  advantageous  manner,  the  thinner  the  web  and  the  more 
the  material  is  concentrated  in  the  flanges,  the  stronger  will  the 
girder  be,  provided  the  web  retiuns  sufficient  material  for  trans- 
mitting the  shearing-strain ;  but  when,  as  is  frequently  the  case  in 
small  girders,  the  girder  derives  a  considerable  portion  of  its 
strength  from  the  web  acting  as  an  independent  rectangular  girder, 
its  thickness  being  determined  from  practical  considerations,  there 
is  a  certain  depth,  depending  on  the  thickness  of  the  web  and 
the  relation  between  the  flanges,  which  will  produce  a  girder  of 
maximum  strength.  If  the  flanges  are  of  equal  area  this  depth 
may  be  found  as  follows : — 

Let  I  =  the  length  of  the  girder, 

b  =  the  thickness  of  the  web,  as  determined  by  practical  con- 
siderations, 
d  =  the  depth  of  the  girder, 
a  =  the  area  of  either  flange, 
of  zz  hd  :=!  the  area  of  the  web, 

A  =  2a-|-a'  =  the  total   sectional  area,    which   is   a  given 
quantity. 

From  equation '71,  we  have  for  the  weight  which  an  equal- 
flanged  semi-girder  loaded  at  the  end  will  support, 

in  which  /  is  the  unit-strain  in  either  flange.  W  is  maximum 
when  ^  (^+^  I  is  maximum,  and  in  order  to  find  what  value  of 
d  will  produce  this  result  we  must  equate  the  differential  coefficient 
of  d  («+^  )  to  cipher,  first  substituting  for  a  and  a'  their  values 
in  terms  of  d  and  the  constant  A,  as  follows : — 

Equating  the  differential  coefficient  of  the  term  within  the  bracket 
to  cipher,  we  have, 
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whence, 

M  =  J  A  (252) 

The  depth  therefore  should  be  such  that  the  web  may  contidn  fths 
of  the  whole  amount  of  material. 

The  thickness  of  the  webs  of  wrought-iron  plate  ^rders  for 
railway  or  public  bridges  should  not  be  less  than  -^  inch  (4S1), 
while  those  of  cast-iron  girders  generally  vary  from  1  to  2  inches. 
The  following  rule  for  the  minimum  thickness  of  cast-iron  webs  is 
given  by  M.  Guettier,  a  skilful  French  founder.* 

Length  of  girder.  Mininnim  thicknesB  of >  cast-iron  Webe. 

4  metres,      -        -        -         20  millimetres  =  0*8  inches. 

5  „  ...        25  „         =  10      „ 

6  „  ...        30  „         =1-2      „ 
8      „          ...        35  „         =1'4      „ 

Stiffening  ribs  are  sometimes  formed  at  right  angles  to  the  webs 
of  cast-iron  ^ders,  so  as  to  act  as  brackets  to  the  flanges,  but 
they  are  apt  to  shrink  unequally  in  cooling  and  produce  dangerous 
cracks  in  the  casting. 

459.  Depth  of  iron  and  stone  arehes. — The  two  following 
tables  contain  the  principal  dimensions  of  some  important  iron  and 
stone  arched  bridges.  See  also  the  tables  relating  to  cast-iron 
arches  and  wrought-iron  roofs  in  Chap.  XXVIII. 

*  Morin,  Bitittance  det  MatSriaux,  p.  277. 
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CHAPTER  XXVII. 

CONNEXIONS. 

400.  ApyUmneem  Air  conBcetlnir  iron-work — Strenisili  of 
Joints  fthoold  equal  that  of  the  aiUoininv  parts — Serews. — 

One  general  rule  applies  to  all  jointed  structures,  namely,  that  the 

strength  of  the  whole  is  limited  bj  that  of  its  weakest  part,  and 
accordingly  the  strength  of  joints  should  not  be  less  than  that  of 
the  parts  which  they  connect.  The  usual  appliances  for  connecting 
iron-work  may  be  divided  into  four  classes : — 

1.  Screws.  3.  Gibs  and  cotters. 

2.  Bolts  or  pins.  4.  Rivets. 

The  strain  to  which  the  above-mentioned  connectors  are  subject 
is  generally  a  shearing-strain,  and  as  the  strength  of  iron  to  resist 
shearing  is  practically  equal  to  its  tensile  strength  (894),  the 
strength  of  an  iron  rivet,  bolt,  cotter,  or  screw,  is  measured  by  the 
product  of  the  area  subject  to  shearing  multiplied  by  the  tearing 
unit-strain  of  the  iron.  The  thread  of  a  screw  which  is  subject 
to  lon^tudinal  tension  may  be  "  stripped"  or  shorn  off  by  the  nut ; 
in  the  case  of  V  threaded  screws  both  nut  and  screw  may  be 
stripped  simultaneously  midway  between  the  base  and  vertex  of 
the  thread,  and  the  shearing  area  is  approximately  measured  by 
the  circumference  of  the  screw  at  base  of  thread  multiplied  by 
half  the  length  grasped  by  the  nut ;  in  the  case  of  square  threads 
the  shearing  area  is  the  same.  From  this  it  follows  that  the 
length  of  the  nut  should  be  at  least  one-half  the  effective  or  net 
diameter  of  the  screw.  In  practice  it  is  generally  made  equal  to 
1  or  1^  times  the  gross  diameter  and  the  diameter  of  a  nut,  or 
bolt-head,  or  rivet-head  is  seldom  less  than  twice  that  of  the  bolt. 

461.  Bolts  or  pins — Proportions  of  eye  and  pin  In  flat . 
links — ^Upsettinir  and  bearing  snrfhee. — ^A  bolt  or  pin  is  the 


.^J^ttS^SN^Hf?^^  a  boH  joint  also 
devote  a  short 

the  joint  of  a 

S{^T  flJF  Bf 3t  H^  formed  of  long  flat 


formed  at  their 


Wt  aSt^  ilXl  ilSl  iSSl  Zl9l  mStl  ilSm 


at  ed,  for  want  of 

[tndinal  tensile  strain. 

equal  that  of 

lewhat  greater,  as  the 

le  body  of  the  link. 

one  or  two  lines, 

to  resist  the  shearing 

areas  at  gk  and   tk 

at  ab,  but  in  practice 

acts  as  a  short  girder 

le  outer  circorof erence 

lerefore,  very  liable  to 

ijs  open,  as  is  frequently 


gr^^iji^rises  from  its  diameter 
^!r^I££|ipfif  %'jmi  and  in  double-shear, 
iJ3¥tai€>4^Bi^alf  that  of  the  shank 

Jgit]^:'^tiS|fU^J^]^ltffiirom  its  diameter  being 
W'W^^^^'^^^^^"^^  failure  may 
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generally  be  prevented  by  the  links  being  kept  from  spreading 
asunder  by  a  head  and  nut  on  the  pin,  at  the  loss,  however,  of 
freedom  of  motion. 

5.  By  the  link  tearing  through  the  shoulder  at  Im,  in  consequence 
of  the  curvature  or  change  of  form  being  too  abrupt  to  permit  the 
lines  of  strain  in  the  shank  bending  gradually  round  the  eye. 

6.  By  the  crown  of  the  eye  being  upset  between  g  and  ».  This 
arises  from  the  bearing  surface  of  the  pin  being  too  small  in 
proportion  to  the  longitudinal  strain,  in  which  case  there  is  an 
excessive  pressure  on  each  superficial  unit  at  the  crown  of  the  eye, 
whereby  the  material  there  is  upset,  and  the  sides  of  the  eye  at 
e  and  /  become  first  unduly  attenuated  and  then  torn,  the  rent 
extending  from  the  inside  towards  the  circumference.  Sir  0.  Fox 
has  drawn  attention  to  this  latter  source  of  failure  in  a  valuable 
communication  to  the  Royal  Society,  in  which  the  following 
remarks  occur  :* — *'  If  the  pin  be  too  small,  the  first  result  on  the 
application  of  a  heavy  pull  on  the  chain  will  be  to  alter  the 
position  of  the  hole  through  which  it  passes,  and  also  to  change  it 
from  a  circular  to  a  pear-shaped  form,  in  which  operation  the 
portion  of  the  metal  in  the  bearing  upon  the  pin  becomes  thickened 
in  the  effort  to  increase  its  bearing  surface  to  the  extent  required. 
But  while  this  is  going  on,  the  metal  round  the  other  portions  of 
the  hole  will  be  thinned  by  being  stretched,  until  at  last,  unable 
to  bear  the  undue  strains  thus  brought  to  bear  upon  it,  its  thin 
edge  begins  to  tear,  and  will,  by  the  continuance  of  the  same  strain, 
undoubtedly  go  on  to  do  so  until  the  head  of  the  link  be  broken 
through,  no  matter  how  large  the  head  may  be ;  for  it  has  been 
proved  by  experiment  that  by  increasing  the  size  of  the  head, 
without  adding  to  its  thickness  (which,  from  the  additional  room  it 
would  occupy  in  the  width  of  the  bridge,  is  quite  inadmissible),  no 
additional  strength  is  obtained.  The  practical  result  arrived  at 
by  the  many  experiments  made  on  this  very  interesting  subject  is 
simply  that,  with  a  view  to  obtaining  the  full  eflSciency  of  a  link, 
the  area  of  its  semi-cylindrical  surface  bearing  on  the  pin  must  be  a 

*  "On  the  Size  of  Vina  for  connecting  Flat  Ltinks  in  the  Chains  of  Suspention 
Bridges."— Proc.  Itay.  5oc.,  Vol  xiv.,  No.  78,  p.  139. 
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little  more  than  equal  to  the  smallest  transverse  sectional  area  of  its 
body;  and  as  this  cannot,  for  the  reasons  stated,  be  obtained  bj 
increased  thickness  of  the  head,  it  can  only  be  secured  by  giving  a 
sufficient  diameter  to  the  pins.  That  as  the  rule  for  arriving  at 
the  proper  size  of  pin  proportionate  to  the  body  of  a  link  may  be 
as  simple  and  easy  to  remember  as  possible,  and  bearing  in  mind 
that  from  circumstances  connected  with  its  manufacture  the  iron 
in  the  head  of  a  link  is  perhaps  never  quite  so  well  able  to  bear 
strain  as  that  in  the  body,  I  think  it  desirable  to  have  the  size  of 
the  hole  a  little  in  excess,  and  accordingly  for  a  10  inch  link  I 
would  make  the  pin  6f  inch  in  diameter,  instead  of  6^  inch,  that 
dimension  being  exactly  two-thirds  of  the  width  of  the  body,  which 
proportion  may  be  taken  to  apply  to  every  case  (where  the  body 
and  heads  are  of  uniform  thickness).  As  the  strain  upon  the  iron 
in  the  heads  of  a  link  is  less  direct  than  in  its  body,  I  think  it  right 
to  have  the  sum  of  the  widths  of  the  iron  on  the  two  sides  of  the 
hole  10  per  cent,  greater  than  that  of  the  body  itself.  As  the  pins, 
if  solid,  would  be  of  a  much  larger  section  than  is  necessary  to 
resist  the  effect  of  shearing,  there  would  accrue  some  convenience, 
and  a  considerable  saving  in  weight  would  be  effected,  by  having 
them  made  hollow  and  of  steel.**  Mr.  G.  Berkley  also  has  made 
several  valuable  experiments  on  the  strength  of  links,  from  which 
he  co\icludes  that  the  diameter  of  the  pin  should  equal  |ths  of  the 
width  of  the  shank,  while  Mr.  Brunei  in  his  latest  practice  adopted 
the  same  proportion  of  pin  as  Sir  C.  Fox,  but  made  the  curve  of 
the  shoulder  exceedingly  gradual — ^the  radius  being  76  times  the 
width  of  the  shank — with  the  object  of  deflecting  the  lines  of 
strain  along  the  shank  as  gradually  as  possible  before  passing 
round  the  eye,  the  experiments  which  were  made  for  the  Chepstow 
and  Saltash  bridges  having  led  to  the  belief  that  strength  depended 
more  upon  the  shape  of  the  shoulder  than  upon  excess  of  metal 
about  the  eye.* 

The  following  table  gives  these  and  other  proportions  adopted 
by  the  foregoing  authorities  in  a  concise  form : — 

•  Proc,  Imt,  C,  E.,  Vol  xxx.,  pp.  220  and  271. 
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rows  of  rivets  on  each  side  of  the  joint  line  will  suffice,  as  the  use 
of  the  coyer  in  this  case  is  merely  to  keep  the  plates  in  line  but  not 
to  transmit  the  thrust.  A  jump  compression  joint  is  erroneously 
supposed  to  be  stronger  than  one  in  which  the  plates  are  slightly 
apart  with  the  covers  and  rivets  duly  proportioned  as  for  a  tension 
joint,  and  engineers  are  sometimes  over-exacting  iu  this  respect, 
expecting  water-tight  joints  when  the  contractor  gets  only  18s.  or 
20d.  per  cwt.  for  the  girder.  A  real  jump  joint  with  the  plates 
butting  along  their  whole  width  is  rare,  as  the  process  of  riveting 
generally  draws  the  plates  slightly  apart  and  an  interval  of  a 
hundredth  of  an  inch  is  theoretically  as  bad  as  a  quarter  inch.  A 
little  caulking  of  the  edges,  however,  makes  all  smooth  to  the  eye, 
and  the  so-called  *^  jump"  joint  passes  muster.  A  practical  remedy 
for  this  is  described  in  404. 

With  respect  to  the  ordinary  method  of  riveting  in  transverse 
rows,  each  row  containing  the  same  number  of  rivets,  Mr. 
Hodgkinson  deduced  from  his  experiments  that  "  the  strength  of 
plates  however  riveted  together  with  one  row  of  rivets,  vras  reduced 
to  about  one-half  the  tensile  strength  of  the  plates  themselves;  and 
if  the  rivets  were  somewhat  increased  in  number,  and  disposed 
alternately  in  two  rows,  the  strength  was  increased  from  one-half 
to  two-thirds  or  three-fourths  at  the  utmost."* 

Reducing  these  conclusions  to  a  convenient  standard,  we  have  the 
following  rule  for  the  relative  strength  of  lap-joints  Zt- 

Strength.of  the  unpunched  plate,  -     100 

Strength  of  a  double-riveted  joint,  •      66 

Strength  of  a  single-riveted  joint,  -      50 

Nearly  all  experimenters  on  the  subject  agree,  and  my  own 
experience  corroborates  the  fact,  that  punching  reduces  the  tensile 
strength  of  iron  to  a  greater  degree  than  the  aggregate  area  of 
the  metal  punched  out,  and  a  close  examination  of  the  border  of 
each  hole  shows  that  it  has  been  subject  to  a  certun  degree  of 
violence,  which  in  most  cases  has  injuriously  affected  the  fibre  of 
the  iron.     Drilling  does  not  damage  the  metal  surrounding  the 

*  Iron  Com,  iZep.,  App ,  p.  116. 
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hole,  and  it  is  therefore  preferred  where  the  nature  of  the  work 
will  permit  the  extra  cost  of  drilling  over  punching.  Mr.  Maynard 
inferred  from  his  experiments  that  drilled  plates  are  19  per  cent, 
stronger  than  punched  plates.  There  can  be  little  doubt,  however, 
that  the  exact  percentage  will  depend — 1^.,  on  the  condition  of  the 
punching  tool,  i.e.j  the  maintenance  of  the  proper  proportion  of 
size  between  the  punch  and  die;  and  2^.,  on  the  quality  of  the 
iron — a  tough  coppery  iron,  like  Low  Moor,  suffering  less  injury 
from  punching  than  a  hard  brittle  iron,  and  thick  plates  suffering 
more  than  thin  ones.  Mr.  Maynard  was  also  led  to  the  conclusion 
that  rivets  in  drilled  holes  were  4  per  cent  weaker  than  rivets  in 
punched  holes,  because  the  sharp  edges  of  the  drilled  plates  have  a 
tendency  to  shear  off^the  rivets  cleaner  than  those  in  the  punched 
plates,  and  he  finally  concluded  that  the  difference  is  15  per  cent, 
in  favour  of  drilled  work  when  compared  with  punched  work. 

468.  C^Tem — Sinyle  and  dovMe  coven  oonpared — ^I^ap- 
Joint. — The  strength  of  the  covers  of  tension  joints^  and  compression 
joints  where  the  plates  do  not  butt  closely^  should  equal  that  of  the 
plates  ;  hence,  a  single  cover  should  resemble  a  short  length  of  the 
plate  and  each  side  of  a  double  cover  be  at  least  half  as  thick  as  the 
plate. 

As  the  quantity  of  material  required  for  covers  forms  a  very 

considerable  percentage  of  the  plates  (12  per  cent,  and  upwards, 

depending  on  the  length  of  the  plates),  it  is  of  great  importance 

that  the  joints  b^  as  few  as-  possible  and  arranged  in  the  very 

best  manner.     This  is  more  especially  the  case  in  large  girders, 

where  every  ton  of  useless  weight  requires  perhaps  several  tons  in 

the  main  girders  for  its  support,  as  will  be  shown  in  a  succeeding 

chapter.     For  this  reason  large  plates,  with  few  joints,  though 

they  may  cost  extra  per  ton,  will  often  make  a  cheaper  ^rder 

than  plates  of  ordinary  sizes  with  more  numerous  joints  (4S9).    In 

the  usual  method  of  cover  riveting,  two  or  three  transverse  rows 

of  rivets  are  placed  on  each  side  of  the  joint  line,  each  row 

containing  the  same  number  of  rivets,  and  the  effective  area  of  the 

plate,  if  in  tension,  is  reduced  by^  the  aggregate  section  of  the 

rivet  holes  in  any  one  row.    Hence,  it  would  appear  that  the  fewer 

2  G 
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rivet  holes  there  are  in  each  transverse  row  the  less  is  the  plate 
weakened  and  the  more  is  its  material  economized.  But  this  again 
requires  several  successive  rows  of  rivets  in  order  to  provide 
sufficient  rivet  area,  thus  introducing  the  necessity  of  long  covers, 
which  may  more  than  counterbalance  the  saving  in  the  plates. 
The  size  of  the  plates  therefore  will  determine  to  some  extent  the 
economical  length  of  the  covers  as  well  as  the  transverse  pitch  of 
the  rivets  * 

The  few  experiments  described  in  S9S  seem  to  indicate  tliat 
rivets  in  single-shear  will  not  withstand  so  great  a  unit-strain  as 
rivets  in  double-shear;  this,  however,  requires  confirmation,  and 
good  experiments  on  the  strength  of  various  forms  of  rivet  joints 
are  much  wanted.  From  those  recorded  by  Sir  William  Fairbaim 
in  the  appendix  to  the  first  series  of  '*  Useful  Information  for 
Engineers,'*  it  appears  that,  so  far  as  the  plates  are  concerned,  a 
single-cover  or  lap-joint  with  only  one  transverse  row  of  rivets  in  the 
lap  is  considerably  weaker  (in  the  experiments  about  25  per  cent, 
less)  than  a  double-cover  joint  of  the  same  theoretic  strength,  t.«., 
with  the  same  net  area  of  plates  taken  across  the  rivet  holes.  This 
arises  from  the  distortion  of  the  single-cover  or  lap-joint  which, 
yielding  in  its  effort  to  assume  a  straight  line  between  the  points  of 
traction,  bends  the  plates  slightly  and  makes  them  liable  to  tear 
across  the  line  of  rivet  holes.  When,  however,  a  single-cover  or 
lap-joint  had  two  or  more  transverse  rows  of  rivets  in  the  lap  its 
strength  was  not  less  than  that  of  a  double-cover  joint  of  equal  plate 
area.  If  the  plates  are  kept  in  a  straight  line  by  being  riveted  to 
an  angle  iron  or  web,  like  the  flange  plates  of  a  girder,  it  is  still 
more  likely  that  the  strength  of  a  single-cover  joint  will  be  fully 
equal  to  that  of  a  double-cover  joint  of  the  same  theoretic  strength, 
but  whenever  convenient,  the  double-cover  should  be  adopted  from 
economical  motives,  as  it  gives  double-shear  to  the  rivets,  and  need 
therefore  be  only  half  as  long  as  a  single  cover  with  the  same  rivet 
area.  The  common  lap-joint  represented  first  in  Fig.  115,  18, 
however,  an  exception  to  this,  as  the  lap  need  not  be  longer  than 
half  the  single  cover  represented  beneath  it. 

*  The  "  i^toh*'  18  the  distance  measiired  from  centre  to  centre  of  xiyete. 
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464.  Tension  Jolnto  ef  piles — Compression  Joints  of  piles 
require  no  eovers  if  the  plates  are  well  botted — Cast-sine 
Joints. —  I  have  already  advocated  the  piling  of  plates  over  each 
other  when  a  large  flange  area  is  required,  and  I  have  shown  that 
long  rivets  form  no  practical  objection  to  this  arrangement 
(4M»  404).  When  several  plates  are  riveted  together  their  joints 
are  generally  arranged  in  steps,  and  the  length  of  each  cover  equals 
the  lap  of  one  plate  multiplied  by  the  number  of  plates  +  1. 
Thus,  in  Fig.  116,  the  pile  consists  of  three  plates  and  the  length 

Fig.  116. 


of  each  cover  equab  four  Japs.  The  length  of  lap  is  generally  twice 
the  longitudinal  pitch  of  the  riveting.  The  thickness  of  the  covers 
of  tension  piles  should  be  somewhat  greater  than  half  that  of  one 
plate,  for  it  is  clear  that  when  a  joint  occurs  in  an  upper  or  lower 
plate,  more  than  half  the  tension  in  that  plate  will  be  thrown  into 
the  nearest  cover.  Hence,  it  is  a  good  rule  to  make  the  covers  of 
tension  piles  not  less  than  f  ths  of  the  thickness  of  a  single  plate. 

If  a  pile  of  several  plates  be  in  compression  and  closely  fitted 
so  as  to  butt  against  each  other,  no  covers  will  be  required,  and 
great  economy  will  result  from  this  in  very  large  girders,  so  much 
so  as  amply  to  repay  thei  extra  expense  of  planing  the  ends  of  the 
plates  and  bringing  them  carefully  into  close  contact.  To  ensure 
this,  however,  requires  considerable  attention,  for  the  riveting 
process  has,  as  already  observed,  a  tendency  to  open  the  joints 
slightly,  but  cast-zinc,  which  is  a  very  hard  substance,  may  be 
usefully  employed  for  running  into  the  compression  joints  of 
wrought  as  well  as  cast-iron,  provided  they  are  sufficiently  open 
to  let  the  molten  metal  flow  freely.  The  joints  of  the  cast-iron 
voussoirs  of  the  Bridge  of  Austerlitz  in  Paris,  finished  in  1806, 
were  thus  formed,*  and  in  my  own  practice  I  have  used  cast-zinc 
for  filling  up  the  irregular  intervals  between  the  ends  of  the  arched 
ribs  of  a  cast-iron  bridge  of  96  feet  span  and  the  wall-plates  firom 

*  £ne.  Brit,  8th  Ed.,  art  "  Iron  Bridgea,"  VoL  zii,  p.  681. 
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which  they  sprang;  in  the  latter  case  accurate  fitting  would  have 
been  extremely  difficult,  if  not  impossible,  and  a  very  satisfactory 
and  close  joint  was  made  by  slightly  warming  the  parts  with  a  fir6 
of  chips  '*to  expel  the  cold  dr,"  as  the  workmen  say,  before 
pouring  in  the  molten  zinc.  The  heat  probably  expels  moisture  and 
assists  the  flowing  of  the  metal  into  the  narrower  crevices.  I  have 
also  used  cast-zinc  very  successfully  for  securing  crane  posts  (both 
cast  and  wrought-iron)  in  their  foundation  plates,  where  it  ensures 
close  contact  without  the  cost  of  fitting.  The  following  description 
of  this  method  of  forming  the  joints  of  a  cast-iron  arch  of  133  feet 
span  on  the  Pennsylvania  Central  Railroad  occurs  at  p.  244  of 
Haupt  an  Bridge  Construction : — *'  The  joints  were  separated  to 
the  distance  of  one-fourth  of  an  inch,  and  filled  with  spelter  (cast- 
zinc)  poured  into  them  ii)  a  melted  state ;  this  was  very  conve- 
niently done  by  binding  a  piece  of  sheet-iron  around  each  joint, 
and  covering  it  with  clay.  The  material  introduced  being  nearly 
as  hard  as  the  iron  itself,  and  filling  all  the  inequalities  of  the 
surface,  rendered  the  connexion  perfect."  If  the  space  between 
two  plates  be  very  narrow,  the  joint  should  be  placed  in  a  vertical 
position  so  that  gravity  may  ud  the  flow  of  the  metal,  and  a  little 
tin  added  to  the  zinc  is  sidd  to  render  the  latter  more  fluid. 

465.  Tarioa«  eeonomieal  arranffemento  of  tension  Jointrs. — 
The  following  method  of  riveting  reduces  the  tensile  strength  of 

the  parts  connected  less  than  that  in  common  use,  and  possesses  the 
merit  of  being  applicable  to  plates  as  well  as  bars.  Its  peculiarity 
consists  in  diminishing  the  number  of  rivets  in  each  row  as  they 
recede  from  the  joint-line,  and  at  the  same  time  slightly  increasing 
the  thickness  of  the  cover  or  covers  beyond  that  of  the  parts 
connected.  Fig.  117  represents  this  arrangement  applied  to  a  bar 
or  narrow  plate  with  double  covers.  There  are  eight  different  ways 
in  which  the  joint  may  fail.  1^.  By  the  bar  tearing  at  a,  where  its 
area  is  reduced  by  only  one  rivet  hole.  2^.  By  both  covers  tearing 
at  6,  where  each  b  weakened  by  two  rivet  holes;  this,  however, 
is  compensated  for  by  their  united  area  being  somewhat  greater 
than  that  of  the  bar.  3°.  By  the  bar  tearing  at  b  at  the  same  time 
that  the  rivet  at  a  is  double-shorn.    4^.  By  the  rivets  on  one  side 
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rivets  on  the  alternate 
on  one  half-face  eingle- 
.  By  both  covers 
double-shearing  at  b. 
leously  with  the  bar 
^  gg-'Se£  are  7  inch  X  ^  inch, 

WwdnSfl*  iiich  rivet  holes,  the 

il^jJMfifihytea  nearly ;  the  double- 

,-ij^4C  VilS^jl^M^  JO>i>t  l">e  equals  31 

hik nJ0f £l^%inM*rfifeier  at  fr  is  336  inches. 


|^C»r*ikether  with  the  double* 

'oa^.t^  inches.     This  joint  is 

iiigljI^^E|i!  the  effective  strength 

l^vet  hole,  viz.,  that  at  a. 

.k^iS^  plates,  Fig.  118. 
S"«- 


s!t6  a  pile  of  plates,  tlie 


^S^S^ifS!  [OHAP.-XXTII. 

'fi'miS'Svi«ll^MA3in»ffi<^eiit  to  compensate  for 
'^it(Btfi^''^^^i8^'"*'^  P^^  caused  by   the 


_.^^.^Mjt^i^iljlj4S)t)ie  arrangement  proposed 
S^S^lK^JltSlll  119,  ia  an  ezceUent  one. 


•  ^i^^^*^  across  the  plate  is  another 

>*9a^*tfiP^^^Sl^  experiments  instituted  by 

""  *"  ''sP^f'^f  *  single-riveted  diagonal 

of  the  solid  plate,  whereas 

;2ras  only  48*2  per  cent.,  the 

lint  being  34  per  cent,  orer 

'riveted  joint  was  nearly  as 

jveted  joint." 

'  ItlarnrletloMorplatoa — 

ease*!  hj  Mtitlam. — 

le  plates  together  with  such 

their  eurtaces  is  generally 

over  each  other  so  long  as 

not  exceeded  in  practice, 

*^  subject  to  shearing  strun. 

jilBtructton  of  the  Britannia 

ue  of  this  friction  is  rather 

inch  rivet  passing  through 

ibter,  it  amounted  to  &'59 

and  two  plates  lap-jointed 

^heads  it  reached  4'73  tons, 

plates  and  gth  inch  rivet 

making  the  shank  of  the 

tU  TutiJar  Bridgt*,  p.  SS3. 
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rivet  22  inch  long,  the  middle  plate  supported  7*94  tons  before  it 
slipped.  In  these  experiments  the  hole  in  one  or  both  plates  was 
oval  and  the  sliding  took  place  abmptly.  Though  the  friction  of 
riveted  plates  may  be  sufficient  to  convey  the  usual  working-strain 
without  subjecting  the  rivets  to  shearing,  it  does  not  follow,  nor 
do  experiments  indicate,  that  the  tdtimate  strength  of  a  rivet  joint 
is  increased  by  this  friction.  It  is  an  interesting  fact,  however, 
that  rivets  in  ordinary  girder-work  and  plating  are  subject  to  a 
tensile  and  not  a  shearing  strain. 

469.  €}lrdei^inakerti%  Bollei^makers*  and  ShIpliiiUders' 
rales  fbr  livetlny — Chaln-riTetlnv. — Joints  may  fail  by  each 
rivet  splitting  or  shearing  out  the  piece  of  plate  in  front  of  itself. 
Consequently,  the  minimum  theoretic  distance  of  the  rivets  from 
the  edge  of  an  iron  plate  or  from  each  other  lengthways  should  be 
determined  by  the  consideration  that  the  shearing  area  of  the 
plate  (along  two  lines)  between  each  rivet  and  the  one  behind  it,  or 
between  each  rivet  in  the  first  row  and  the  edge  of  the  plate,  be 
not  less  than  that  of  the  rivet!  If,  for  example,  the  rivets  in 
Fig.  117  be  j  inch  and  the  plates  ^  inch  thick,  the  shearing  area 
of  each  rivet  (in  double-shear)  equals  1  square  inch  nearly,*  and 
the  distance  of  the  edge  of  the  rivet  holes  from  the  joint  line  should 
theoretically  not  be  less  than  ^  an  inch.  Practically,  however,  this 
is  insufficient,  for  punching  tends  to  burst  the  edges  of  the  holes  if 
placed  so  close  to  each  other  or  to  the  edge  of  the  plate,  especially 
if  the  plate  be  thick  or  of  brittle  quality,  and  in  boilers  the  dis- 
tance between  the  holes  and  the  edge  of  the  plate  is  usually  about 
once  the  diameter  of  the  rivet.  If  the  distance  exceed  this  it  is 
cUfficult  to  make  the  seam  steam-tight  by  caulking.  In  girder- 
work,  which  does  not  require  caulking  like  a  boiler,  this  distance  is 
seldom  less  than  1^  times  the  diameter  of  the  rivet,  and  the  pitch 
may  vary  from  2^  to  5  or  even  7  inches,  but  should  not  exceed  15 
times  the  thickness  of  a  single  plate,  from  6  to  12  times  being 
common  practice.    The  rivets  in  ordinary  girder-work  range  from 

*  Rivet  holeB  are  generallj  punched  from  A^^  ^  "f^^  ^^  larger  than  the  nominal 
nse  of  the  rivet,  in  order  that  the  latter  when  red  hot  may  pass  freely  through  the 
hole.    Henoe,  the  area  of  a  { inch  rivet,  after  riveting,  is  nearly  half  a  square  inch. 
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I  to  1  inch  and  occasionally  1^  inch  in  diameter.  The  rivet  holes 
in  first-class  work  are  now  frequently  bored  out  with  drilling 
machines,  so  as  to  avoid  the  weakening  effect  of  punching  on  the 
plates.  The  great  majority  of  girder- work,  however,  will  probably 
always  be  done  by  the  punch,  as  it  does  not  pay  to  have  the  holes 
drilled  unless  in  large  girders  where  there  are  frequent  repetitions 
of  the  same  pattern  (4M).  The  following  table  shows  the  usual 
practice  in  boiler-work. 

TABLE  IL— Rules  fob  Boileb  BiVBTnro. 


Thickness 

of 

plate. 

Diameter 

of 

rivet 

Length  of 

rivet 
from  head. 

Central 

distance  of 

rivets. 

(Pitch). 

Lap  in 
single 
Joints. 

Lap  in 
doable 
joints. 

Equivalent 

length  of 

head. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

A  =  -19 

i    =    -88 

i 

IJtoU 

u 

2A 

• 

1  =26 

i    =    -50 

11 

IJtoli 

H 

2i 

A  =  -81 

i    =    -63 

i| 

IJtoli 

11 

3i 

i=-38 

}    =    -76 

li 

lJto2t 

2i 

Si 

1  =-50 

«=    -81 

n 

2ito2| 

2| 

8i 

A  =  -66 

i    =    -88 

2i 

2Jtto21 

24 

4J 

i  =-63 

«=    -94 

21 

2ito2| 

21 

4i 

1  1 

H=-69 

1      =  1-00 

8 

2ito3 

8 

s 

J  =75 

IJ    =1-18 

8i 

3    to3i 

81 

51 

NoTK. — ^The  equivalent  length  of  head  given  in  the  last  column  ia  intended  for  bat 
heads,  Bnch  as  are  nsual  in  boilers,  but  if  the  rivets  have  cup  heads  like  those  in 
Fig.  117,  as  is  usual  in  girder-work,  the  equivalent  length  of  head  must  be  about 
one-half  more  than  the  amount  given  in  the  last  column.  The  pitch  in  girder-work 
is  generally  from  once  and  a-half  to  twice  that  in  column  4. 

The  boiler-maker*8  rule  is  nearly  as  follows: — For  plates  less 
than  half  an  inch  thick,  the  diameter  of  the  rivet  =  twice  the 
thickness  of  the  plate.  For  plates  more  than  half  an  inch  thick,  the 
diameter  of  the  rivet  =z  once  and  a  half  the  thickness  of  the  plate. 
The  pitch  of  single  joints  =  2|  to  3  diameters,  and  that  for  double 
joints  =  3^  to  4  diameters  of  the  rivet.  The  lap  for  single  joints  = 
3  diameters,  and  that  for  double  joints  =:  5  diameters  of  the  rivet. 
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Lloyd's  rules  for  the  dimensions  of  rivets  in  ship-building  are  as 
follows: — 


TABLE  IIL 

— Llotd's  Bulbb  roR 

flHir  Bimnia 

. 

Thickness  of  Plates 
in  inches, 

A 

A 

A 

A 

A 

W 

H  « 

« 

1 

H 

Rivets  to  be 
}   of    an   inch 
larger   in  dia- 
meter   in    the 

andkeeL 

Diameter  of  Rirets 
in  inches, 

t 

J 

i 

1 

*'  The  rivets  not  to  be  nearer  to  the  butts  or  edges  of  the  plating, 
lining  pieces  to  butts,  or  of  any  angle  iron,  than  a  space  not  less 
than  their  own  diameter,  and  not  to  be  farther  apart  from  each 
other  than  four  times  their  diameter,  or  nearer  than  three  times 
their  diameter,  and  to  be  spaced  through  the  frames  and  outside 
plating,  and  in  reversed  angle  iron,  a  distance  equal  to  eight  times 
their  diameter  apart.  The  overlaps  of  plating,  where  double 
riveting  is  required,  not  to  be  less  than  five  and  a  half  times  the 
diameter  of  the  rivets ;  and  where  single  riveting  is  admitted,  to 
be  not  less  in  breadth  than  three  and  a  quarter  times  the  diameter 
of  the  rivets/*  The  Liverpool  rules  differ  somewhat  from  Lloyd's 
and  are  as  follows : — 


TABLE  rV.- 

-LmBFOOL  Bous 

FOB 

Ship  Bmmrfl 

L 

ThioknesB  of  Plates  in 
inches, 

A 
A 

3 
9 

A 

« 

2i 

8 
"4 

A 

21 
8f 

8 
"4 

A 
41 

2) 
44 

10 
184 

A 

« 

10 
184 

11 
« 

lOf 
15 

114 

16 

tI 

• 

114 

16 

17 

41 

6 

IS 
18 

18} 
19 

1 

« 

144 
20 

Diameter  of  Riyets  in 
inches. 

Breadth  of  lap  in  seams 
in  inches. 

Single-riveting,    • 

Double-xiveting,  • 

Breadth  of  batt  stnp, 
DoaUe-riveting,  • 

Treble-riveting,   - 
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"  Rivets  to  be  four  diameters  apart,  from  centre  to  centre,  longi- 
tudinally in  seams  and  vertically  in  butts,  except  in  the  butts  where 
treble  riveting  is  required,  where  the  rivets  in  the  row  farthest 
from  the  butt  may  be  spaced  eight  diameters  apart,  centre  to  centre. 
Bivets  in  framing  to  be  eight  times  their  diameter  apart,  from 
centre  to  centre,  and  to  be  of  the  size  required  in  the  above  table. 
All  double  or  treble  riveting  in  butts  of  plates  to  be  in  parallel 
rows,  or  what  is  termed  chain  riveting.  It  is  recommended  that 
the  necks  of  all  rivets  be  bevelled  under  the  head  so  as  tx)  fill  the 
countersink  made  in  punching,  and  their  heads  should  be  no  thicker 
than  two-thirds  the  diameter  of  the  rivet."  It  will  be  observed 
that  the  pitch  may  be  one-third  as  great  again  in  water  as  in 
steam  joints. 

The  term  "chain-riveting"  is  applied  to  riveting  in  several 
transverse  rows,  the  rivets  being  placed  longitudinally  one  behind 
the  other  like  the  links  of  a  chain.  It  merely  means  that  both  the 
longitudinal  and  transverse  rows  of  rivets  form  straight  lines,  in 
place  of  the  rivets  being  zigzag. 

468.  Adhesion  oflron  and  copper  bolts  to  wood — Sftreniptk 
of  ei^iclies  and  forelocks. — The  shearing  strength  of  oak 
treenails  hsis  been  already  given  in  899.  The  two  following  tables 
are  also  the  results  of  Mr.  Parson's  experiments.*  "  The  first  of 
these  tables  exhibits  the  adhesion  of  iron  and  copper  bolts,  driven 
into  sound  oak,  with  the  usual  drift,  not  clenched,  and  subject  to 
a  direct  tensile  strain.  By  drift  is  meant  the  allowance  made  to 
insure  sufficient  tightness  in  a  fastening ;  it  is  therefore  the  quantity 
by  which  the  diameter  of  a  fastening  exceeds  the  diameter  of  the 
hole  bored  for  its  reception." 

*  Murray  on  Shipbuilding,  p.  94. 
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TABLE  v.— Tabu  ot  tbm  Adbkiov  or  Ibok  avd  Coppib  Boltb  dbiviv  ivto 
BOUHO  Oak  with  thx  usual  Dbitt,  not  ouaroHED,  aitd  bubjbotkd  to  a  dibbot 

TBK8ILB  8TBAIN. 


Diameter 
of  (he 
Bolt. 

Number 

of  the 

experiment. 

Iroa 

Copper. 

Length  of  the  Bolt  driven  hito  the  Wood. 

M^vra^v 

Four 
inchee. 

Six 
inchee. 

Foot 
inchee.' 

Six 
inches. 

inches. 

1 

tons.     owte. 
1          18 

tons.     cwtBi 

tOTlA.        CWtS. 

0          184 

tonai     cwta. 

i 

2 
8 

2            0 
2            2 

•— 

0          18 
0          19 

4       • 

1          18 

0          18 

1 

1 

2            6 

2         12 

1            7 

2            2 

i 

2 
8 

2            4 
2            4 

2          11 
2          16 

1            8 
1          10 

2            2 
2            2 

i 

2           0 

2          10 

1          18 

2            0 

1 

8           2 

8          12 

2          10 

2          15 

4 

2 
8 

8            4 

8            0 

4           0 
4            0 

1  17 

2  2 

8          10 
8            1 

4 

2          10 

4            0 

2            5 

2          15 

' 

1 

8            2 

5            5 

8            0 

4            5 

i 

2 
8 

8           0 
8           1 

4            8 
4           8 

8            6 
8            6 

8          18 
8          15 

4 

8           1 

5           0 

2            9 

8           5 

• 

1 

8           8 

6           0 

8          10 

5            5 

J 

2 
8 

8           2 
8          10 

6            0 
5            0 

8          10 
8          10 

5            5 
5            8 

4 

8          10 

6           0 

8          18 

4          18 

' 

1 

4          10 

6            2 

4            0 

4          18 

I 

2 
8 

6          12 
8          10 

5  10 

6  11 

4           0 
4            5 

4          18 
4          19 

4 

4          10 

6            4 

4           2 

4          19 
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TABLE  v.— Tabli  of  thi  ADHsnoir  or  Ibov  and  OoFm  BoiiTb  dsivkt  ibto 
BOUND  Oak  with  thi  usual  Dbift,  not  olbhohed,  ahd  bubjioted  to  a  dibbot 
TBNSILB  btbaik — conftnued. 


Diameter 
of  the 
Bolt. 

Namber 

of  the 

experiment. 

Iron. 

Copper. 

Length  of  the  Bolt  driren  Into  the  Wood. 

Four 
inches. 

Six 
inches. 

Fonr 
inches. 

Six 

Inches. 

inches. 

> 

1 

1 

1 
2 
3 
4 

* 

tODS.      CWtS. 

5            0 
4           7 
4          11 
4            0 

tons.    cwts. 

7  2 

8  1 

6  5 

7  0 

tons.     cwtB. 
4            2 

4            8 

8          15 

4          10 

tons.    cwt& 
6          19 

5  0 

6  5 
5            0 

**  In  Riga  fir  the  adhesion  was,  on  an  average,  about  one-third 
of  that  in  Oak,  and  in  good  sound  Canada  elm  it  was  about  three- 
fourths  of  that  in  oak. 

*'  The  following  table  exhibits  the  strength  of  clenches  and  of 
forelocks  as  securities  to  iron  and  copper  bolts,  driven  six  inches, 
without  drift,  into  sound  oak,  either  clenched  or  forelocked  on 
rings,  and  subjected  to  a  direct  tensile  strain.  It  gives  the 
diameter  of  the  bolt  on  which  the  experiment  was  made,  as  well  as 
the  number  of  the  experiment: — 

TABLE  VI. — ^Tablb  of  thb  Stbsnoth  of  Clkhohbs  and  of  Fobelogcs,  as 
bboubitibb  to  Ibon  and  Coppbb  Bolts^  dbiven  six  inches,  without  Deift, 
into  sound  Oak,  bithbb  olbnohed  ob  fobilookbd  on  Rings,  and  subjected 
to  a  dibect  tensile  stbain. 


Diameter 
of  the  BolL 

Number  of  the 
experiment. 

Iron. 

Copper. 

Clench. 

Forelo(±. 

Clench. 

Forelock. 

inch. 

1 

1 
2 
3 
4 

tons.     cwts. 
1           16 
1           13 
1             9 
1             9 

tons.     cwts. 
0           16 
0           14 
0          20 
0          18 

ton&     cwts. 
1             0 

0  19 

1  0 
1             0 

tons.    cwt& 
0            8 
0            8 
0            7 
0            6 
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TABLE  VL— Table  ov  thb  Sthsvoth  of  Clbnohbs  and  of  Fobilook8»  as 
BiouBrcm  TO  Ibon  ahd  Coffse  Bolts,  dbiven  six  jxobxb,  without  Dbift, 

INTO    SOUND    Oak,    EITBXB  OLBNOHXD  OB  FOBBLOGKBD  ON  RiNOS,  AND    SUBJBOTBD 
TO  A  DIBBOT  TEN8ILS  BTBAIN — COnUnuecL 


DlameUr 
of  the  Bolt. 

Number  of  the 
experimenl 

Iron. 

Copper. 

dencfa. 

Forelock. 

Clench. 

Forelock. 

inch. 

ton& 

cwts. 

tons. 

cwts. 

tons. 

OWtB. 

tOUB.     cwtB. 

p 

1 

8 

0 

1 

15 

2 

10 

1             4 

I 

2 
8 

8 

2 

0 
16 

1 
1 

8 
9 

2 
2 

10 
5 

1             0 
1            2 

4 

2 

15 

1 

14 

2 

9 

1            4 

. 

1 

4 

15 

2 

11 

8 

10 

1          18 

} 

2 
3 

4 

• 

4 

10 
5 

2 
2 

15 
10 

8 
4 

15 
0 

1  18 

2  4 

4 

4 

12 

2 

12 

4 

10 

1          16 

< 

1 

5 

18 

8 

15 

6 

0 

2          13 

1 

2 
8 

6 
6 

8 
8 

8 
8 

6 
0 

5 
6 

15 
5 

2          10 
2          16 

4 

6 

0 

8 

7 

5 

10 

2          10 

' 

1 

7 

10 

8 

10 

0 

i 

2 
8 

7 
8 

10 
0 

8 
8 

15 
10 

0 
5 

— 

4 

8 

15 

8 

15 

8 

' 

1 

11 

11 

5 

1 

16 

1 

2 
8 

11 

8 

15 
11 

5 
4 

10 
6 

16 
12 

1 

4 

8 

6 

4 

15 

5 

— 

1 

12 

0 

5 

18 

1 

1 

2 

12 

8 

6 

18 

1 

— 

8 

11 

8 

5 

12 

14 

4 

11 

1 

5 

2 

8 

14 
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**  In  the  experiments  on  the  clenches,  the  clenches  always  gave 
way;  but  with  the  forelocks  it  as  frequently  occurred  that  the 
forelock  was  cut  off  as  that  the  bolt  broke ;  and  in  the  cases  of  the 
bolt  breaking,  it  was  invariably  across  the  forelock  hole.  Accord- 
ing to  the  tables,  the  security  of  a  forelock  is  about  half  that  of 
a  clench.  It  appears  an  anomaly  that  the  strength  of  a  clench  on 
copper  should  be  equal  to  that  of  one  on  iron.  But,  in  con- 
sequence of  the  greater  ductility  of  copper,  a  better  clench  is 
formed  on  it  than  on  iron.  Generally  the  thickness  of  the  fractured 
clench  in  the  copper  was  double  that  in  the  iron.  With  rings  of 
the  usual  ¥ridth  for  the  clenches,  the  wood  will  break  away  under 
the  ring,  and  the  ring  be  imbedded  for  two  or  more  inches  before 
the  clench  will  give  way.  With  the  inch  copper-bolts,  all  the 
rings  under  the  clenches  turned  up  into  the  shape  of  the  frustrum 
of  a  cone,  and  allowed  the  clench  to  slip  through  at  the  weights 
specified. 

"Experiments  with  ring-bolts  were  made  to  ascertain  the 
strength  of  the  rings  in  comparison  with  the  clenches.  The  rings 
were  of  the  usual  size,  viz. :  the  iron  of  the  ring  one-eighth  inch 
less  in  diameter  than  that  of  the  bolt.  It  was  found  that  the 
rings  always  carried  away  the  clenches,  but  that  they  were  drawn 
into  the  form  of  a  link  with  perfectly  straight  sides.  The  rings 
bore,  before  any  change  of  form  took  place,  not  quite  one-half  the 
weight  which  tore  off  the  clenches.  It  appears  that  the  rings  are 
well  proportioned  to  the  strength  of  the  clenches.'* 

469.  Ailhefllon  of  maUi  and  woodHMsrews. — *'  The  following 
abstract'  of  Mr.  Bevan's  experiments  exhibits  the  relative  adhesion 
of  nails  of  various  kinds,  when  forced  into  dry  Christiana  Deal,  at 
right  angles  to  the  grain  of  the  wood."* 

♦  TredgoUPs  Carpentry,  p.  189. 
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TABLE  VIX.— Adhesion  of  Nails  or  various  khibs  is  Dbt  Chbisiiana  Deal. 


Kind  of  Nalla. 

Number  to  the 

pound 
aTolrdapoiA 

Indies  long. 

Inches 

forced  into 

the  wood. 

Ponnds 

required  to 

extract. 

Fine  sprigs,                r  • 

4,560 

O'ii 

0-0 

22, 

Dittos 

8,200 

0-68 

0-44 

87 

Threepenny  brads. 

618 

1-25 

0-50 

58 

Cast-iron  nails,  - 

880 

1-06 

0-50 

72 

Sixpennjr  nails,  • 

78 

2-50 

1-00 

187 

Dittos 

1-60 

827 

Ditto, 

■ 

2-00 

580 

Fivepenny, 

189 

2-00 

1-60 

820 

*'  The  force  required  to  draw  the  same  sized  nidi  from  different 
woods  averaged  as  under: — 

TABLE  Vni.— Relatiyi  Adhuoh  ov  bahb  Nail  ur  DimBivr  Woods. 


Kind  of  Wood. 


Weight  in  WtB.  required 

to  draw  a  sixpenny 

nail,  driTsn  in 

one  inch. 


Dry  Clir^ytiana  deal, 

Dry  oak,  -  -  -  - 

Dry  elm,  -  -  -  - 

Dry  beech. 

Green  sycamore,  • 

Dry  Christiana  deal,  driven  in  endways, 

Diy  elm,  driven  in  endways, 


187  lbs. 

507  „ 

827  „ 

667  „ 

812  „ 

87  „ 

257  „ 


'*  It  was  further  desirable  to  ascertain  the  degree  of  dependence 
that  might  be  placed  on  nailing  two  pieces  together,  and  Mr.  Sevan 
kindly  undertook  to  make  some  trials.  Two  pieces  of  Christiana 
deal,  seven-eighths  of  an  inch  thick,  were  nailed  together  with  two 
sixpenny  nails ;  and  a  lon^tudinal  force  in  the  plane  of  the  joint, 
and  consequently  at  right  angles  to  the  direction  of  the  nails,  was 
applied  to  cause  the  joint  to  slide ;  it  required  a  force  of  712  fibs., 
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and  the  time  waa  15  minutes ;  the  nails  carved  a  little  and  were 
then  drawn.  Another  experiment  was  made  in  the  same  manner 
with  dry  oak,  an  inch  thick,  in  which  the  force  required  was 
1,009 lbs.;  the  sixpenny  nails  curved,  and  were  drawn  by  that 
force.  Dry  sound  ash,  an  inch  thick,  joined  in  the  same  manner 
by  two  sixpenny  nails,  bore  1,220  ibs.  30  minutes  without  sensibly 
yielding;  but  when  the  stress  was  increased  to  1,420 ibs.  the  pieces 
separated  with  an  easy  and  gradual  slide ;  curving  and  drawing  the 
nails  as  before,  one  of  which  broke. 

'*  The  following  experiments  on  the  force  necessary  to  draw  screws 
of  iron,  commonly  called  wood  screws,  out  of  given  depths  of  wood, 
were  made  by  Mr.  Bevan.  The  screws  he  used  were  about  two 
inches  in  length,  -f-^jj  diameter  at  the  exterior  of  the  threads,  -^ 
diameter  at  the  bottom,  the  depth  of  the  worm  or  thread  being 
tM?t«  ^^^  ^^^  number  of  threads  in  one  inch  =  12.  They  were 
passed  through  pieces  of  wood,  exactly  half  an  inch  in  thickness, 
and  drawn  out  by  the  weights  stated  in  the  following  tables: — 

TABLE  IX. — Relatxyb  Adhesion  of  Sorews  in  DiFFEBSirr  Woods. 


Kind  of  Wood. 


Welgbt  reciuired  to 

draw  oat  screwi 

passed  throagh  half- 

iBch  boards. 


Dry  beech. 
Ditto  ditto, 
Dry  Bound  ash, 
Dry  oak,  - 
Diy  mahogany, 
Diy  ehn,  - 
Dry  sycamore, 


460  lbs. 
790.  „ 
790  „ 
760  „ 
770  „ 
665  „ 
8S0  „ 


"  The  weights  were  supported  about  two  minutes  before  the 
screws  were  extracted.  He  found  the  force  required  to  draw 
similar  screws  out  of  deal  and  the  softer  woods  about  half  the 
above. 

'*  The  force  necessary  to  cause  pieces  screwed  together  to  slide 
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at  the  joining,  was  also  determined;  the  pieces  being  joined  by 
two  screws ;  the  resultant  of  the  force'  coinciding  with  the  plane  of 
the  joint,  and  in  line  with  the  places  of  the  screws.  With  Chris- 
tiana deal,  seven-eighths  of  an  inch  thick,  joined  by  two  screws 
one  and  five-eighths  of  an  inch  in  length,  and  five-fortieths  of  an 
inch  in  diameter  within  the  worm,  a  load  of  1,009  lbs.  gradually 
applied  broke  both  the  screws  at  the  line  of  joint,  after  elongating 
the  interior  of  the  hole  and  sliding  about  six-tenths.  With  very 
dry  seasoned  oak,  1  inch  thick,  two  screws  one  and  five-eighths 
long,  and  six-fortieths  diameter  within  the  thread,  bore  1,009  lbs. 
for  ten  minutes  without  any  signs  of  yielding:  with  1,137  ibs.  both 
screws  broke  in  two  places;  each  screw  about  two-tenths  of  an 
inch  within  each  piece  of  wood ;  the  holes  were  a  little  elongated. 
With  dry  and  sound  ash,  1  inch  thick,  with  screws  2^  inches 
long,  passing  one  quarter  of  an  inch  through  one  of  the  pieces,  the 
diameter  at  bottom  of  the  worm  seven-fortieths ;  the  load  began 
with  was  1,224  lbs. ;  gradually  increased  for  two  hours  to  2,661  fibs. ; 
they  produced  a  slow  and  moderate  sliding,  not  separation,  the 
screws  being  neither  drawn  nor  broken;  but  probably  would,  if 
not  removed  on  account  of  night  coming  on,  and  putting  an  end  to 
the  experiment." 


2  H 
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CHAPTER  XXVIII. 

WORKING  STRAIN  AND  WORKING  LOAD. 

490.  Working  strain — ^Fatlffoe — Proof  strabi — ^BntU^lB 
role  fbr  worklny  strain — Coefleleni  of  safety. — The  work- 
ing strain  is  the  strain  to  which  any  material  is  snbject  in  actual 
practice,  but  the  tenn,  unless  accurately  defined,  is  somewhat 
ambiguous,  as  it  is  applied  to  strains  which  the  material  sustains 
on  rare  occasions  from  extraordinary  loads,  as  well  as  to  thoge  to 
which  it  is  liable  in  ordinary  every-day  use.  For  instance,  a 
railway  girder  may  sustain  a  constant  strain  of  3^  tons  per  square 
inch  from  the  permanent  bridge-load,  which  rises  to  4^  tons  when 
an  ordinary  train  passes,  but  reaches  a  maximum  of  5  tons  with  a 
train  of  the  greatest  possible  density,  such  as  locomotives ;  or  again, 
the  chains  of  a  suspension  bridge  may  sustain  only  2^  tons  per 
square  inch  from  the  permanent  or  dead  weight  of  the  structure, 
while  a  dense  crowd  of  people  may  occasionally  raise  this  to  6  tons 
per  square  inch.  In  such  cases  we  have  three  classes  of  strains. 
1^.  The  permanent  strain,  due  to  the  permanent  or  dead  weight 
of  the  structure  itself,  and  from  which  the  material  suffers  what 
has  been  termed  fatigue.  2°.  The  ordinary  working  strain,  due  to 
ordinary  live  loads  added  to  the  dead  weight  of  the  structure. 
3^.  The  maximum  working  strain',  due  to  the  greatest  load  possible 
in  practice  added  to  the  dead  weight  of  the  structure,  and  it  is 
this  latter  maximum  strain  which  defines  the  strength  of  any 
structure,  and  which  therefore  we  have  to  consider  in  this  chapter. 
The  proof  load  of  a  bridge  is  generally  equal  to  the  greatest  load 
possible  in  practice,  but  the  proof  strain  of  separate  parts  of  a 
structure,  such  as  the  individual  links  of  a  suspension  bridge,  is 
frequently  50  per  cent,  over  their  intended  maximum  working 
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strain  when  in  the  structure.  As  might  have  been  anticipated, 
different  opinions  are  held  respecting  the  safe  unit-strain  for  each 
kind  of  material.  English  practice  generally  makes  the  working 
strain  some  sub-multiple  of  the  tearing  or  crushing  strength  of  the 
material,  while  General  Morin  and  others  recommend  the  working 
strain  to  be  such  that  the  resulting  alteration  of  length  shall  in  no 
case  exceed  one-half  that  which  corresponds  to  the  limit  of  elasticity. 
Neither  rule  should  be  adopted  to  the  exclusion  of  the  other,  but  . 
as  we  know  the  limit  of  elasticity  of  but  few  materials  (in  fact  only 
wrought-iron  and  steel),  and  as  those  which  are  not  ductile  seem 

•  

to  have  no  very  definite  limit  at  all  (see  Chap.  XVIII.),  the 
common  English  rule  seems  more  generally  applicable,  and  it  has 
the  sanction  of  extensive  experience  in  its  favour.  The  term 
factor,  or  coefficient  of  safety  is  applied  to  the  ratio  of  the 
breaking  to  the  working  strain.  If,  for  instance,  the  tearing 
inch-strain  of  plate-iron  is  20  tons,  and  the  working  inch-strain 
5  tons,  the  coefficient  of  safety  will  be  4. 

CAST-IBON. 

491.  Billet  of  lonir  eontinaed  preAsare  on  cast-iron  plHam 
and  harm. — To  determine  the  effect  of  long  continued  pressure 
upon  cast-iron,  Sir  Wm.  Fairbaim  had  four  pillars  cast  of  Low-Moor 
iron ;  the  length  of  each  was  6  feet,  and  the  diameter  1  inch,  and 
they  were  rounded  at  the  ends.  The  first  was  loaded  with  4  cwt., 
the  second  with  7  cwt.,  the  third  with  10  cwt.,  and  the  fourth  with 
13  cwt.  These  weights  are  respectively  30,  52,  75,  and  97  per 
cent,  of  the  weight  which  had  previously  broken  another  pillar  of 
the  same  dimensions  when  the  weight  was  carefully  laid  on  without 
loss  of  time.  The  pillar  loaded  with  13  cwt.  bore  the  weight 
between  five  and  six  months  and  then  broke ;  that  loaded  with  10 
cwt.  was  increasing  slightly  in  flexure  at  the  end  of  three  years ; 
when  first  taken  its  deflection  was  -230  inch,  and  after  each 
succeeding  year  it  was  '380,  '380,  and  -409.  The  other  pillars, 
though  a  little  bent,  did  not  alter.  In  these  experiments  we  see 
that  a  cast-iron  pillar  bore  a  steady  load  of  one-half  its  breaking 
weight  for  three  years  without  alteration,  while  the  deflection  of 
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another  pillar  with  three-fourths  of  its  breaking  weight  was  in- 
creasing slightly  at  the  end  of  the  same  period.* 

To  ascertain  how  far  cast-iron  bars  might  be  trusted  with  per- 
manent loads,  Sir  Wm.  Fairbaim  made  the  following  experiments 
also : — '^  He  took  bars,  both  of  cold  and  hot  blast  iron  (Coed  Talon, 
No.  2),  each  5  feet  long,  and  cast  from  a  model  1  inch  square ;  and 
having  loaded  them  in  the  middle  with  different  weights,  with 
their  ends  supported  on  props  4  feet  6  inches  asunder,  they  were 
left  in  this  position  to  determine  how  long  they  would  sustain  the 
loads  without  breaking.  They  bore  the  weights,  with  one  excep- 
tion, upwards  of  five  years,  with  small  increase  of  deflection,  though 
some  of  them  were  loaded  nearly  to  the  breaking  point."  After 
that  time,  however,  less  care  was  taken  to  protect  them  from 
accident,  and  three  others  were  found  broken.  They  were  examined, 
and  had  their  deflections  taken  occasionally,  which  are  set  down  in 
the  following  Table,  which  contains  the  exact  dimensions  of  the 
bars,  with  the  load  upon  each.f 

*  Experimental  Beaearchee  by  E.  Hodgkmaoii,  p.  S51. 
+  Idein,  p.  874. 
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fifteen  months ;  after  which  time  there  has  been,  usually,  a  smaller 
increase  in  their  deflections,  though  from  four  to  five  years  have 
elapsed.  The  beam  in  experiment  8,  which  was  loaded  nearest  to 
its  breaking  weight,  and  which  would  have  been  broken  by  a  few 
additional  pounds  laid  on  at  first,  had  not,  perhaps,  up  to  the  time 
of  its  fracture,  a  greater  deflection  than  it  had  three  or  four  years 
before ;  and  the  change  in  deflection  in  Experiment  1,  where  the 
load  is  less  than  f  rds  of  the  breaking  weight,  seems  to  have  been 
almost  as  great  as  in  any  other ;  rendering  it  not  improbable  that 
the  deflection  will,  in  each  beam,  go  on  increasing  till  it  becomes  a 
certain  quantity,  beyond  which,  as  in  that  of  Experiment  8,  it  will 
increase  no  longer,  but  remain  stationary  (410).  The  unfortunate 
fracture  of  this  last  beam,  probably  through  accident,  has  left  this 
conclusion  in  doubt/*  Mr.  Hodgkinson  inferred  from  these 
experiments  that  cast-iron  girders  might  be  safely  trusted  with 
one-third  of  their  breaking  weight.  This  conclusion,  however,  he 
seems  to  have  subsequently  modified,  when  a  member  of  the  Iron 
Commission  in  1849,  which  reported  in  favour  of  not  less  than 
one-sixth. 

499.  Effects  of  longHNmtlnaed  Impact  and  ffreqaent  d^ 
flectlODii  on  cast-Iron  har». — The  Commissioners  appointed  to 
inquire  into  the  application  of  iron  to  railway  structures,  reported 
as  follows  on  the  effects  of  long-continued  impacts  and  frequent 
deflections  of  cast-iron  bars : — "  A  bar  of  cast-iron,  3  inches  square, 
was  placed  on  supports  about  14  feet  asunder.  A  heavy  ball  was 
suspended  by  a  wire  18  feet  long,  from  the  roof,  so  as  to  touch  the 
centre  of  the  side  of  the  bar.  By  drawing  this  ball  out  of  the 
vertical  position  at  right  angles  to  the  length  of  the  bar,  in  the 
manner  of  a  pendulum,  to  any  required  distance,  and  suddenly 
releasing  it,  it  could  be  made  to  strike  a  horizontal  blow  upon  the 
bar,  the  magnitude  of  which  could  be  adjusted  at  pleasure  either 
by  varying  the  size  of  the  ball  or  the  distance  from  which  it  was 
released.  Various  bars  (some  of  smaller  size  than  the  above)  were 
subjected  by  means  of  this  apparatus  to  successions  of  blows, 
numbering  in  most  cases  as  many  as  4,000;  the  magnitude  of 
the  blow  in  each  set  of  experiments  being  made  greater,  or  smaller, 
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as  occasion  required.  The  general  result  obtained  was,  that  when 
the  blow  was  powerful  enough  to  bend  the  bars  through  one-half 
of  their  ultimate  deflection  (that  is  to  say,  the  deflection  which 
corresponds  to  their  fracture  by  dead  pressure),  no  bar  was  able  to 
stand  4,000  of  such  blows  in  succession;  but  all  the  bars  (when 
sound)  resisted  the  effects  of  4,000  blows,  each  bending  them 
through  one-third  of  their  ultimate  deflection. 

^*  Other  cast-iron  bars,  of  similar  dimensions,  were  subjected  to 
the  action  of  a  revolving  cam,  driven  by  a  steam-engine.  By  this 
they  were  quietly  depressed  in  the  centre,  and  allowed  to  restore 
themselves,  the  process  being  continued  to  the  extent,  even  in  some 
cases,  of  an  hundred  thousand  successive  periodic  depressions  for 
each  bar,  and  at  a  rate  of  about  four  per  minute.  Another  con- 
trivance was  tried  by  which  the  whole  bar  was  also,  during  the 
depression,  thrown  into  a  violent  tremor.  The  results  of  these 
experiments  were,  that  when  the  depression  was  equal  to  one-third 
of  the  ultimate  deflection,  the  bars  were  not  weakened.  This 
was  ascertained  by  breab'ng  them  in  the  usual  manner  with 
stationary  loads  in  the  centre.  When,  however,  the  depressions 
produced  by  the  machine  were  made  equal  to  one-half  of  the 
ultimate  deflection,  the  bars  were  actually  broken  by  less  than 
nine  hundred  depressions.  This  result  corresponds  with  and  con- 
firms the  former. 

"  By  other  machinery,  a  weight  equal  to  half  of  the  breaking 
weight  was  slowly  and  continually  dragged  backwards  and  forwards 
from  one  end  to  the  other  of  a  bar  of  similar  dimensions  to  the 
above.  A  sound  bar  was  not  apparently  weakened  by  ninety-six 
thousand  transits  of  the  weight. 

''It  may,  on  the  whole,  therefore,  be  said,  that  as  far  as  the 
effects  of  reiterated  flexure  are  concerned,  cast-iron  beams  should 
be  so  proportioned  as  scarcely  to  suffer  a  deflection  of  one-third  of 
their  ultimate  deflection.  And  as  it  will  presently  appear,  that  the 
deflection  produced  by  a  given  load,  if  laid  on  the  beam  at  rest,  is 
liable  to  be  considerably  increased  by  the  effect  of  percussion,  as 
well  as  by  motion  imparted  to  the  load,  it  follows  that  to  allow  the 
greatest  load  to  be  one-sixth  of  the  breaking  weight,  is  hardly  a 
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sufficient  limit  for  safety  even  upon  the  supposition  that  the  beam 
is  perfectly  sound. 

**  In  wrought-iron  bars  no  very  perceptible  effect  was  produced 
by  10,000  successive  deflections  by  means  of  a  revolving  cam,  each 
deflection  being  due  to  half  the  weight  which,  when  applied  stati- 
cally, produced  a  large  permanent  flexure. 

^'  Under  the  second  head,  namely,  the  inquiry  into  the  mechanical 
effects  of  percussions  and  moving  weights,  a  great  number  of  ex- 
periments have  been  made  to  illustrate  the  impact  of  heavy  bodies 
on  beams.  From  these,  it  appears,  that  bars  of  cast-iron  of  the 
same  length  and  weight  struck  horizontally  by  the  same  ball  (by 
means  of  the  apparatus  above  described  for  long-continued  impact), 
offer  the  same  resistance  to  impact,  whatever  be  the  form  of  thdr 
transverse  section,  provided  the  sectional  area  be  the  same.  Thus 
a  bar,  6x1^  inches  in  section,  placed  on  supports  about  14  feet 
asunder,  required  the  same  magnitude  of  blow  to  break  it  in  the 
middle,  whether  it  was  struck  on  the  broad  side  or  the  narrow  one, 
and  similar  blows  were  required  to  break  a  bar  of  the  same  length, 
the  section  of  which  was  a  square  of  three  inches,  and,  therefore, 
of  the  same  sectional  area  and  weight  as  the  first. 

*'  Another  course  of  experiments  tried  with  the  same  apparatus 
showed,  amongst  other  results,  that  the  deflections  of  wrought-iron 
bars  produced  by  the  striking  ball  were  nearly  as  the  velocity  of 
impact.  The  deflections  in  cast-iron  are  greater  than  in  proportion 
to  the  velocity. 

"  A  set  of  experiments  was  undertaken  to  obtain  the  effects  of 
additional  loads  spread  uniformly  over  a  beam,  in  increasing  its 
power  of  bearing  impacts  from  the  same  ball  felling  perpendicularly 
upon  it.  It  was  found  that  beams  of  cast-iron,  loaded  to  a  certain 
degree  with  weights  spread  over  their  whole  length,  and  so  attached 
to  them  as  not  to  prevent  the  flexure  of  the  bar,  resisted  greater 
impacts  from  the  same  body  falling  on  them  than  when  the  beams 
were  unloaded,  in  the  ratio  of  two  to  one.  The  bars  in  this  case 
were  struck  in  the  middle  by  the  same  ball,  falling  vertically  through 
different  heights,  and  the  deflections  were  nearly  as  the  velocity 
of  impact."* 

*  Rqp,  of  Iron  Com,,  p.  x. 
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4ra.    Worklnir    strain    of   cadt-lron    irinleiv — Rnle    of 
Board  of  Trade — ^Worklny   strain   of  cast-iron   arches — 

French  rale — ^ProTlnir  cast-iron. — The  reader  will  observe  that 
the  Commiseioners  considered  one-sixth  of  the  breaking  strain 
hardly  a  sufficient  limit  4>f  safety  for  cast-iron  girders  when  liable 
to  percussion  and  deflection  from  moving  loads.  This  inference 
was,  no  doubt,  influenced  by  their  experiments  on  bars  which  were 
much  lighter  in  proportion  to  their  trial  loads  than  ordinary  bridge 
girders  are  compared  with  the  loads  which  traverse  them.  As  a 
general  rule,  one-sixth  of  the  breaking  strain  may  be  taken  as  the 
safe  working  stnun  for  cast-iron  girders  which  are  liable  to  vibra- 
tion, as  in  railway  or  public  bridges,  but  when  the  load  is  stationary 
and  free  from  all  vibration,  such  aa  water  tanks,  one-fourth  of  the 
breaking  strain  is  safe.  When,  however,  cast-iron  girders  are 
liable  to  sudden  severe  shocks,  as  in  crane  posts  or  machinery, 
their  working  stnun  should  not  exceed  one-eighth  of  their  breaking 
stnun.  The  railway  department  of  the  Board  of  Trade  has  laid 
down  the  following  rule  for  the  guidance  of  engineers  in  the  con- 
struction of  railways : — ^^  In  a  cast-iron  bridge  the  breaking  weight 
of  the  girders  should  be  not  less  than  three  times  the  permanent 
load  due  to  the  weight  of  the  superstructure,  added  to  six  times 
the  greatest  moving  load  that  can  be  brought  upon  it."  Notwith- 
standing this  rule,  engineers  will  do  well  not  to  design  castriron 
girders  for  ndlway  bridges  of  less  strength  than  six  times  the  total 
maximum  load,  that  is,  six  times  the  permanent  load  added  to  six 
times  the  greatest  moving  load.  The  reader  who  desires  detailed 
information  respecting  the  practice  of  our  most  eminent  engineers 
during  the  reign  of  cast-iron  is  referred  to  the  evidence  attached 
to  the  '*  Report  of  the  Commissioners  appointed  to  inquire  into 
the  application  of  iron  to  railway  structures"  in  1849.  It  seems 
certain  that  the  transverse  strength  of  thick  rectangular  cast-iron 
bars  is  less  than  that  of  thin  ones  (1S9),  but  it  does  not  neces- 
sarily follow  that  the  strength  of  large  flanged  girders  is  diminished 
by  the  massiveness  of  the  casting,  or  that  they  are  relatively 
weaker  than  smaller  girders  of  similar  section,  for  the  quality  of  the 
iron  will,  no  doubt,  materially  influence  their  strength  (M8j  840). 
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Experiments  on  a  large  scale  can  only  decide  these  questions, 
which,  however,  have  less  importance  now  than  when  the  Iron 
Commission  sat  in  1849,  as  it  is  very  unlikely  that  large  cast-iron 
girders  will  be  employed  in  important  works  when  wrought-iron 
is  available. 

Cast-iron  can  be  readily  got,  on  specification,  to  stand  firom  7^ 
to  9  tons  per  square  inch  in  tension;  consequently,  the  rule  of 
one-sixth  allows  an  inch-strain  of  from  1^  to  1^  tons  for  the  usual 
safe  tensile  working-strain  in  the  lower  flanges  of  cast-iron  girders, 
but  this  material  is  quite  unfitted  for  tie-bars  for  the  reasons 
referred  to  in  S50  and  S51.  Cast-iron  will  safely  bear  6  or  7  tons 
per  square  inch  in  compression,  provided  it  be  in  a  form  suited  to 
resist  flexure ;  but  the  efiects  of  flexure  ivill  seriously  diminish  the 
safe  unit-strain  for  pillars  or  imbraced  cast-iron  arches,  in  which  the 
line  of  pressure  may  vary  so  as  to  alter  the  calculated  unit-strain 
very  materially,  perhaps  as  much  as  50,  or  even  100  per  cent.  In 
practice,  the  safe  working-strain  of  cast-iron  arches  rarely  exceeds  3 
tons  per  square  inch.  For  instance,  the  calculated  working  strain 
in  the  Severn  Valley  Bridge  carrying  the  Coalbrookdale  Bailway, 
200  feet  span  and  20  feet  rise,  is  between  2^  and  3  tons  per  square 
inch,*  while  that  of  the  centre  arch  of  Southwark  Bridge,  240 
feet  span,  is  about  2  tons  per  square  inch. 

The  French  ministerial  limit  of  working  strain  for  cast-iron  in 
tension  is  one  kilogramme  per  square  millimetre  (=  0*635  tons 
per  square  inch),  and  in  compression  five  kilogranmies  per  square 
millimetre  (=  3*175  tons  per  square  inch),  and  the  following 
table,  prepared  by  M.  Poir^e,  engineer  of  Fonts  et  Chaussees, 
illustrates  some  of  the  best  French  practice  in  cast-iron  arches,  t 

•  Ptoc,  Inst.  C,  E^  Vol.  xxvii,  p.  109. 

t  Moiin's  RUiitance  da  MaUriaux,  p.  114. 
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The  direct  tensile  strength  of  cast-iron  may  be  tested  in  the 
manner  described  in  489,  but  it  is  also  usual  to  prove  its  trana- 
verse  strength  by  breaking  small  rectangular  bars  made  of  the 
same  metal  and  at  the  same  time  as  the  principal  castings.  The 
following  tests  were  applied  in  the  case  of  the  cast-iron  sleepers 
provided  for  the  Great  Indian  Peninsula  Railway.  ^^  The  mixture 
of  metal  is  to  be  such  as  will  produce  the  strongest  and  toughest 
castings,  and  is  to  be  approved  as  such  by  the  consulting  engineer. 
The  contractor  must  cast  twice  each  day,  from  the  same  metal  as 
that  used  in  the  sleepers,  two  duplicate  bars  3'  6"  X  V  X  1", 
and  two  duplicate  castings  of  the  form  shown  on  the  contract 
drawing,  and  exactly  V  square  for  a  length  of  1^'^  in  the  middle. 
One  of  the  two  bars  must  be  tested  on  edge,  on  bearings  3  feet 
apart,  by  placing  weights  on  the  centre  thereof,  to  ascertain  its 
elasticity  and  breaking  weight;  and  one  of  the  two  castings  must 
be  tested  in  a  suitable  machine  of  approved  construction  to  ascer- 
tain the  tensile  strength  of  the  iron.  The  company's  inspector 
will  reject  all  sleepers  cast  on  any  day  when  each  of  the  bars  will 
not  bear  30  cwt.  placed  on  the  centre  without  breaking,  or  when 
each  bar  does  not  deflect  at  least  0*29  of  an  inch  before  fracture, 
and  when  each  casting  will  not  bear  a  tensional  strain  of  11^  tons 
per  square  inch  of  section.  Three  sleepers  will  also  be  tested  each 
day  by  a  weight  of  3|  cwt.  falling  through  5'  6^^  the  same  having 
previously  been  subjected  to  blows  from  the  same  weight  falling 
through  2'  0'',  2'  6",  V  0",  3'  6",  4'  0",  M  6",  and  5'  0"  sue- 
cessively  after  the  sand  foundation  (which  shall  not  be  more  than 
24  inches  thick  under  the  centre  of  the  sleeper  and  laid  on  a  cast- 
iron  bed  pkte  8  inches  thick,  and  weighing  2  tons,)  has  been  well 
consolidated  to  the  satisfaction  of  the  consulting  en^neer  or  his 
inspector;  and  whenever  every  sleeper  so  tested  does  not  bear 
these  blotrs  without  cracking,  or  showing  other  signs  of  failure, 
the  day's  make  will  be  rejected.  Immediately  after  every  sleeper 
is  cast,  it  must  be  protected  in  a  manner  which  will  satisfy  the 
company's  engineer,  that  the  process  of  cooling  will  proceed  so 
slowly,  that  its  strength  will  not  in  any  degree  be  diminished  by 
too  rapid  or  unequal  cooling."*     Some  engineers  consider  this  proof 

♦  Proc  /iM«.  (7.  JR,  Vol  XXX.,  p.  225. 
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rather  high,  and  specify  that  test  bars,  2  X  1  inch,  placed  edgeways 
on  bearings  3  feet  apart,  shall  support  a  weight  on  the  centre 
of  25  cwt.,  as  it  appears  that  sleepers  can  be  obtained  which  would 
stand  better,  as  far  as  blows  went,  without  using  so  high  a  bar  test 
as  that  above  described.  It  is  a  singular  fact  that  there  is  an 
excess  of  about  16  per  cent,  in  the  weight  that  a  2-inch  X  1-inch 
test-bar  will  support  when  cast  on  edge  and  proved  as  cast,  over 
that  which  it  will  support  when  proved  with  the  underside  as  cast 
placed  at  the  top  as  proved,  and  8  per  cent,  over  the  weight  which 
the  same  test-bar  will  support  if  cast  on  its  side  or  end,  and  proved 
on  edge.*  Hence,  cast-iron  girders  should  be  cast  with  the  tension 
flange  downwards  in  the  sand. 

494.  Worfcinv  loa4  om  cast-iriHi  pillars. — Owing  to  the 
want  of  recorded  information  it  is  difficult  to  assign  what  propor- 
tion of  the  breaking  weight  eminent  engineers  have  considered  to  be 
the  safe  working  load  for  cast-iron  piUars.  The  opinions  elicited  by 
the  Commissioners  appointed  to  inquire  into  the  application  of  iron 
to  railway  structures  throw  little  or  no  light  on  the  matter,  as  the 
evidence  vras  chiefly  confined  to  the  strength  of  girders  under 
transverse  stndn.  Navierf  gives  l-5th  of  the  breaking  weight  as 
the  safe  load  in  practice.  Francis,^  an  American  engineer,  also 
^ves  l-5th;  while  Morin§  adopts  l-6th.  My  own  experience 
leads  me  to  recommend  thatpist-iron  pillars  supporting  loads  free 
from  vibration,  such  as  grain,  should  in  general  not  be  loaded  with 
more  than  l-6th  of  their  calculated  breaking  weight.  In  factories 
or  stores,  where  strong  vibrations  from  machinery  occur,  the 
working  load  should  not  exceed  l-8th ;  and  if  the  pillar  be  liable 
to  transverse  strains,  or  severe  shocks,  like  those  on  the  ground 
floors  of  warehouses  where  loaded  waggons  or  heavy  bales  are  apt 
to  strike  against  them,  the  load  should  not  exceed  1-lOth  of  the 
breaking  weight,  or  even  less  when  the  strength  of  the  pillar 
depends  rather  on  the  transverse  strain  to  which  it  is  liable  than 


*  /Voe.  Intt,  CJ^  Vol  zxx.,  pp.  228,  267. 

t  AppUeaUon  de  la  Micanique,  p.  204. 

t0nih4  Strength  of  Cad-iron  PiUan,  p.  17.    New  York,  1865. 

§  BiMtanee  da  Matiriaux^  p.  106. 
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• 

the  weight  it  has  to  support.  For  instance,  the  pressure  of  wind 
against  a  light  open  shed,  supported  by  pillars,  may  produce  a 
transverse  strain  which  will  be  very  severe  compared  with  that  due 
to  the  mere  weight  of  the  roof.  The  same  thing  may  occur  if  heavy 
rolling  goods,  such  as  casks  or  loaves  of  sugar,  are  piled  up  against 
the  pillar  in  such  a  manner  as  to  cause  horizontal  pressure  like 
that  of  a  liquid.  It  is  also  necessary  to  take  into  consideration  the 
foundations  on  which  the  pillars  rest,  for  if  these  yield  unequally, 
one  pillar  may  sustain  much  more  than  its  proper  share  of  load. 
Wrought-iron  is  gradually  superseding  cast-iron  for  struts  in 
machinery;  when,  however,  cast-iron  is  adopted,  it  is  well  that 
the  working  load  should,  at  all  events,  not  exceed  1-lOth  of  the 
calculated  breaking  load.  In  all  these  cases  it  is  essential  to  con- 
sider carefully  whether  the  pillar  is  flat  bedded  or  very  securely 
fixed  at  the  ends,  as  a  slight  imperfection  in  this  respect,  either 
immediate  or  prospective,  will  reduce  the  strength  to  one-third  in 
long  pillars,  and  somewhat  less  in  medium  pillars,  and  if  there  is 
any  doubt  whatever  on  this  point  it  will  be  only  common  prudence 
to  assume  in  the  calculations  that  the  pillar  is  imperfectly  bedded 
(811^  81ft).  The  reader  will  find  practical  rules  for  the  thickness 
of  hollow  cast-iron  pillars  in  8t4,  and  examples  of  calculation  from 

8M  to  8»9. 

WROUGHT-IRON. 

49ft.  KflTects  off  repeated  deflections  on  wrooffht-lron  ten 
and  plate  vlrdera. — Sir  Henry  James  and  Captflin  Gralton  made 
some  experiments  in  Portsmouth  Dockyard  for  determining  the 
effects  produced  by  repeated  deflections  on  wrought-iron  bars.* 
These  experiments  were  made  with  cams  caused  to  revolve  by 
steam  machinery,  which  alternately  depressed  the  bars  and  allowed 
them  to  resume  their  natural  position  for  a  great  number  of  times. 
Two  cams  were  used ;  one  was  toothed  on  the  edge  so  as  to  com- 
municate a  highly  vibratory  motion  to  the  bar  during  the  deflection; 
the  other,  a  step  cam,  first  gently  depressed  the  bar  and  then 
released  it  suddenly  when  the  full  deflection  had  been  obtained. 
The  depressions  were  at  the  rate  of  from  four  to  seven  per  minute, 
and  the  following  table  gives  the  principal  results: — 

*  Bep,  qf  Iran  Com,,  App.  B.,  p.  259. 
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TABLE  m.— ExnmnnDiTB  ov  VKnuaxD  DKruonovB  ov  wbouoht-xbov  Babs, 
S  Inohes  bquau  and  9  Fbk  long  bstwben  fouttb  ov  btjffobt. 


Naof 
ezpninmit. 

Amount  of 

deflection  In 

inches. 

Knmber  of 
depreatlona. 

in  inches. 

1 

•888 

100,000 

0-016 

Toothed  cam. 

2 

•88 

10,000 

0- 

Step  cam. 

8 

1-00 

10,000 

006 

Da 

i 

2-00 

10 

0-80 

Da 

50 

0-54 

Da 

100 

0^69 

Da 

150 

0-84 

Do. 

200 

0*08 

Da 

800 

1-84 

Da 

The  following  experiments  were  made  for  the  purpose  of  com- 
parison to  determine  the  deflections  due  to  statical  loads  at  the 
centre  of  a  similar  bar. 
TABLE  IV. — ^ExPBBiMxirTS  on  a  wbouort-iboh  Bab»  2  Inohis  bquabb  and 

9  FlET  LONG  BRWXSir  POINTS  OF  8UPP0BT,  8H0WIN0  THB  STATICAL  WeIOBTS 
DUB  TO  OIVBN  DbFLBOTIONB,  THB  ^BIOBTB  BKINO  APFLIBD  AND  THB  DBFLBCnONB 
HBASUBBD  AT  THB  CBNTBB. 


Deflectiont 
In  inches. 

WelghU 
intbM, 

set 

•833 
•666 
•838 
1-00 
1-80 

507 

926 

1,121 

1,864 

1,950 

0 

0 

0 

0054 

0-86 

After  the  bar  had  1,950  Ihe.  on, 
it    snddenly   gave  way,    and 
although  it  did  not  break,  no 
further  weight  could  be  lulled 
with  certainty. 

■ 

In  these  experiments  two  things  are  worthy  of  note ;  first,  the 
largest  deflection  which  did  not  produce  a  permanent  set  appears  to 
be  that  due  to  rather  more  than  one-half  the  statical  weight  which 
crippled  the  bar:  secondly,  10,000  depressions  with  the  step  cam, 
causing  a  deflection  of  1  inch,  produced  almost  exactly  the  same 
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permanent  set  as  the  statical  weight  due  to  the  same  deflection  of 
1  inch. 

With  the  view  of  arriving  "  at  the  extent  to  which  a  bridge  or 
^rder  of  wrought-iron  msj  be  strained  without  injury  to  its 
ultimate  powers  of  resistance,  and  to  imitate  as  nearly  as  possible 
the  strain  to  which  bridges  are  subjected  by  the  passage  of  heavy 
railway  trains,"  Sir  William  Fairbaim  caused  a  weighted  lever  to 
be  lifted  off  and  replaced  alternately,  by  means  of  a  water-wheel, 
upon  the  centre  of  a  wrought-iron  single-webbed  plate  girder  of 
the  usual  construction,  with  double  angle-irons  and  flange-plates 
riveted  on  top  and  bottom  respectively.  The  dimensions  of  the 
girder  were  as  follows:* — 

Extreme  length,        -        -  -  -  22  feet. 

Length  between  supports,  -  -  20  feet. 

Extreme  depth,          -        -  -  -  16  inches. 

Weight  of  girder,      -        -  -  -       7  cwt.  3  qrs, 

,  Square  inclies. 

Area  of  top  flange,  1  plate,  4  inches  X  ^  inch,  -    2*00 

2  angle-irons,  2  X  2  X  Z^,  -    2-30 


f>  )> 


4-30 


Area  of  bottom  flange,  1  plate,  4  inches  X  i  inch,     I'OO 

2  angle-irons,  2  X  2  X  /?'     1  '^0 


>i  >» 


2-40 
Web,  1  plate,  15^  X  i  inch, 1-90 

Total  sectional  area  in  square  inches,       ...    g*60 

The  area  of  the  ^  inch  rivet  holes  in  the  bottom  flange,  two  in 
each  angle-iron  and  two  in  the  plate,  is  equal  to  *625  square 
inches,  which  reduces  the  effective  flange  area  for  tension  from  2*4 
to  1*775  square  inches.  The  web  being  continuous  gave  some  aid 
to  the  flanges,  but  as  it  was  composed  of  9  short  plates  with 
vertical  joints  and  single-riveted  covering  strips,  the  amount  of 
aid  given  to  the  tension  flange  probably  did  not  exceed  one-half 
the  theoretic  lud  of  a  perfectly  continuous  web  (100),  that  is,  it 
probably  equalled  one-twelfth  of  the  gross  area  of  the  web,  or 

*  Vitfid  It^ormaUon  far  Engineen,  third  aeriei^  p,  801. 
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0*158  square  inches ;  adding  this  to  the  net  area  of  the  bottom 

flange,  we  have  a  total  of  1*775  +  0*158  =  1*933  square  inches 

avulable  for  tension,  and  assuming  the  tearing  strength  of  the  iron 

to  have  been  20  tons  per  square  inch,  and  the  depth  for  calculation 

to  be  taken  from  inside  to  inside  of  the  angle-iron  flanges,  which 

measures  14}  inches,  we  hare  the  breaking  weight  in  the  centre. 

from  eq.  18,  as  follows : — 

^      4Fd      4  X  (20  X  1-933)  x  1475      .  .  . 
W  =  -p  = 5^ ^ =  9-5  tons. 

The  compression  flange,  it  will  be  observed,  was  much  stronger  than 
that  in  tension,  and  hence  it  may  be  supposed  that  a  larger  fraction 
than  one-twelfth  of  the  web  should  be  added  to  the  lower  flange 
(4ft8).  The  extra  strength  on  this  account  must,  however,  have 
been  very  small  and  could  scarcely  raise  the  breaking  weight  beyond 
10  tons.  Sir  William  Fairbairn,  however,  calculated  the  breaking 
weight  at  12*8  tons  by  an  empirical  formula  derived  from  the 
model  tube  at  Millwall.  The  following  table  contains  a  summary 
of  the  experiments  with  the  corresponding  tensile  stnuns,  cal- 
culated on  the  supposition  that  10  tons  was  the  true  statical 
breaking  weight  at  the  centre,  and  that  20  tons  per  square  inch 
was  the  tearing  strength  of  the  iron. 

TABLE  V.-^EXFBBIMINTS  OK  BBFRATED  DbFLSOTIONS  OF  A  8IN0LB-WBBBID  PlaTB- 
ntON  GlBDBR,   16  IHOHEB  DBBF  AND  20  FBBT  LOHO  BBTWEBK  POnm  OF  SUPFOBT. 


No.  of 
experiment 

Weight 
on  middle 
of  girder. 

Naof  chMiges. 

DeflectioD. 

Tenelle 
•train 

per square 

Inch  of 

net  area 

of  bottom 
flange. 

Bemarki. 

1 

2 
8 

tons. 
2*96 

8-50 
4-68 

596,790 

408,210 
6,175 

inches. 
0-17 

0-28 
0-85 

tons. 
5*92 

7-00 
9*86 

Above  half  a  million  changes, 
working  oontinuoualy  for  two 
months,  night  and  day,  at  the 
rate  of  about  eight  chwogee  per 
minute,    produced   no  yisible 
alteration. 

One    million    changes   and    no 
apparent  injuiy. 

Permanent   set  of   *05  inches; 
broke  by.  the  tension  flange 

from  Uie  middle.    None  of  the 
rivets  loosened  or  broken. 

2  I 
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Oirder  repaired  fty  rejfdacmg  the  ftroibm  angle-iron$  on  eaA  tide,  and  piMng 
paUh  over  ike  hrohen  pUUe  equal  in  area  to  tke  hrohen  opiate  iteeff. 


4I 

o  g 

8 


Wetgbt 
on  middle 
of  girder. 


NaofehAogee. 


Deflection. 


TsntQe 

■train 
pereqnare 

inch  of 
net  area 
of  bottom 

flange. 


Remark!. 


5 
6 


tons. 
4*68 

8*58 
2*96 


4-00 


158 

25,742 
8,124,100 

818,000 


inches. 

tons. 

— 

9-86 

0-22 

7-16 

0-18 

5-92 

0-20 

8-00 

Apparatus  accidentally  set  in 
motion ;  took  a  large  bat  un- 
measured set 


No  increase  of  deflection  or  per- 
manent set. 

Broke  by  faHure  of  the  tension 
flange  as  before,  dose  to  the 
plate  riveted  over  the  prerions 
fracture.  Total  number  of 
changes  after  repairs8,468,000. 


These  experiments  seem  to  indicate  that  a  constantly  repeated 
tensile  strain  of  6  or  7  tons  per  square  inch  will  not  injure 
wrought-iron,  but,  as  the  actual  breaking  weight  of  the  ^rder  was 
not  determined  after  each  experiment,  we  cannot  be  quite  certun 
whether  the  strength  was  really  impaired  or  not  by  the  lesser 
strains.  To  carry  out  the  experiment  scientifically  would  have 
required  several  girders  to  be  broken  by  dead  weight — one  when 
new,  as  a  standard  for  comparison ;  and  each  of  the  others  after  a 
few  million  changes  of  the  same  amount  in  any  one  girder,  but  of 
different  amounts  in  successive  girders. 

496.  Met  area  only  elTeetlTe  for  tenfllon — Allowanee  Ibr 
the  weakeminff  eflTeet  off  ponehlns^ — ^Rale  off  Board  off  Trade 
for  wroQi^t-iron  railway  bridges — ^Teaslle  working  strain 

off  wronffht-lron — ^Frenek  rule  ffor  railway  bridges. — The 

reader  wiU  recollect  that  the  whole  area  of  a  riveted  pkte  is  not 
available  for  tension,  but  only  the  unpierced  portion  which  lies 
between  the  rivet  holes  in  any  line  of  transverse  section ;  this  is 
called  the  net  area  of  the  plate,  and  on  this  net  area  alone  the 
working  tensile  strain  should  be  calculated.  The  effective  tensile 
area  of  a  punched  plate  b,  indeed,  somewhat  less  than  its  net  area, 
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for  the  tearing  strength  of  iron  is  generaUy  injured  by  punching, 
especially  if  there  be  too  great  a  clearance  between  the  punch  and 
die,  or  if  the  iron  be  brittle  and,  though  it  is  not  the  practice,  it 
would  be  more  correct  to  diminish  the  gross  section  by  the  sum 
of  the  rivet  holes  multiplied  by  a  factor  greater  than  unity, 
perhaps  I'l,  or  1*2.  It  may,  perhaps,  be  supposed  more  accurate 
to  add  a  constant  quantity,  say  ^th  inch,  to  the  diameter  of  each 
hole  in  place  of  adding  a  percentage,  but  it  is  probable  that  the 
weakening  effect  of  punching  is  greater  the  thicker  the  plate, 
and  as  thick  plates  have  generally  larger  rivet  holes  than  thin 
ones,  the  percentage  allowance  will  be  more  accurate  in  practice* 
Good  experiments  on  this  subject  are  much  wanted.  Meantime, 
the  weakening  effect  of  punching  affords  an  argument  in  favour  of 
drilling  holes,  especially  in  hard  and  brittle  materials.  Punching 
will  probably  do  little  injury  to  soft  and  ductile  iron,  or  to  mild 
steel,  especially  when  the  latter  is  subsequently  annealed  (46ft). 
The  following  rule  has  been  lidd  down  by  the  Board  of  Trade  for 
the  strength  of  railway  bridges.  '^  In  a  wrought-iron  bridge  the 
greatest  load  which  can  be  brought  upon  it,  added  to  the  weight 
of  the  superstructure,  should  not  produce  a  greater  strain  on  any 
part  of  the  material  than  5  tons  per  square  inch.*'  This  rule  is 
now  confined  to  parts  in  tension,  in  which  case  the  5  tons  is  com- 
puted on  the  net  area  only,  while  the  usual  limit  of  strain  in  the 
compression  flanges  is  4  tons  per  square  inch  of  gross  area,  and,  as 
the  tearing  and  crushing  strengths  of  ordinary  plate  iron  are  re- 
spectively 20  and  16  tons  per  square  inch,  the  foregoing  rules  are 
equivalent  to  stating  that  one-fourth  of  the  breaking  strain  is  the 
maximum  safe  working  strain  for  wrought-iron  girders  which  are 
subject  to  vibration  like  railway  bridges,  and  this  is  now  the 
recognized  English  practice.  When  wrought-iron  girders  support 
a  dead  load,  like  water  tanks  or  grain  lofts,  they  will  safely  bear 
one-third  of  their  breaking  strain,  but  when  liable  to  sudden 
severe  shocks,  as  in  gantries  or  cranes,  the  working  stram  should 
not  exceed  one-sixth  of  the  computed  breaking  strain. 

The  safe  tensile  working  strain  for  ordinary  bar,  angle,  or  tee 
iron  in  girder-work  is  generally  the  same  as  for  plates,  namely,  5 
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tons  per  square  inch  of  net  section,  but  bar  iron  of  extra  quality, 
such  as  the  links  of  suspension  bridges,  will  safely  bear  6  tons  per 
square  inch.  Special  care  is  taken  with  the  manufacture  of  this 
class  of  iron,  and  it  is  customary  to  prove  each  link  individually  to 
a  stndn  of  from  8  to  10  tons  per  square  inch  before  it  is  admitted 
into  the  suspension  chain,  the  tearing  strength  of  the  iron  being  not 
less  than  24  tons  per  square  inch.  For  merely  temporary  purposes 
wrought-iron  will  bear  safely  a  tensile  strain  of  9  tons  per  square 
inch,  unless  when  subject  to  violent  shocks,  in  which  case  6  tons 
will  be  sufficient. 

*  The  French  rule  for  wrought-iron  railway  bridges  is  that  in  no 
part  shall  the  strain,  either  of  tension  or  compression,  exceed  6 
kilogrammes  per  square  millimetre,  t.e.,  3*81  tons  per  square  inch 

of  gross  section. 

471.  l^roM  area  aTallable  ffbr  compression— C^mprcssiTe 
working  strain  off  wronylii-lron — ^Flaai^es  off  wronffht-iron 

iplrders  are  irenerally  off  eqoal  area. — The  total  sectional  area 

of  a  riveted  plate  is  available  for  compression  (flexure  being  duly 
provided  against),  since  the  thrust  is  transmitted  through  the  rivet 
just  as  if  it  were  a  portion  of  the  solid  plate,  for,  if  the  rivet  head 
be  properly  hammered  up,  its  shank  will  upset  and  fill  the  hole 
completely.  Even  supposing  that  the  rivet  do  not  perfectly  fill 
the  hole,  an  exceedingly  small  motion  of  the  parts,  which  must 
take  place  before  crushing  commences,  will  cause  the  strain  to  pass 
through  the  shank.  In  practice,  however,  the  longitudinal  con- 
traction of  each  rivet  in  cooling  will  produce  an  amount  of  friction 
between  the  surfaces  riveted  together  which  is  generally  sufficient 
to  resist  any  movement  so  long  as  the  strain  lies  within  the  usual 
working  limits  (466).  The  crushing  strength  of  wrought-iron  is 
generally  taken  at  16  tons  per  square  inch  (999),  and  the  safe  limit 
of  compressive  working  strain  in  girder-work  is,  according  to 
ordinary  English  practice,  4  tons  per  square  inch  over  the  gross 
area,  provided  the  section  is  so  large  that  it  can  without  extra 
material  be  put  into  a  form  suitable  for  resisting  flexure  or 
buckling.  This  is  generally  the  case  with  the  compression  flanges 
of  girders.    When,  however,  a  thin  sheet,  like  tiie  web  of  a  plate 
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girder,  sustains  compression,  or  when  the  theoretic  section  of  a 
strut  is  small,  as  in  the  compression  bars  of  a  braced  web,  it  is 
necessary  to  add  additional  material  to  prevent  flexure  or  buckling. 
Angle,  tee,  or  channel  iron  are  suitable  for  plate  stiffeners  or  for 
short  struts ;  for  long  struts  the  plan  of  internal  cross-bracing, 
represented  in  Plate  IV.,  may  be  advantageously  adopted,  the 
cross-bracing,  of  course,  not  being  measured  as  effective  area  to 
resist  crushing,  since  it  merely  keeps  the  sides  in  line,  but  sustains 
none  of  the  longitudinal  thrust,  and  in  small  scantlings  it  will  be 
prudent  to  limit  the  maximum  compressive  working  strain  to  3 
tons  per  square  inch.  The  working  strain  of  wrought-iron  pillars, 
when  subject  to  shocks,  like  the  jib  of  a  crane,  should  not  exceed 
l-6th  of  the  computed  breaking  weight ;  with  quiescent  loads  l-4th 
is  a  safe  rule.  The  reader  b  referred  to  SSO  and  the  following 
articles  for  the  mode  of  calculating  the  strength  of  wrought-iron 
pillars  of  various  sections. 

When  wrought-iron  arches  have  braced  spandrils,  the  ribs  are 
free  from  transverse  strain  and  will  safely  bear  as  high  longitu- 
dinal strains  as  the  flanges  of  girders,  but  if  the  spandrils  are 
not  braced,  the  line  of  pressure  in  the  ribs  may  vary  under  the 
influence  of  passing  loads  and  thus  double,  or  even  treble  the  normal 
working  strain  (910).  The  extreme  compressive  strains,  produced 
by  the  most  unfavourable  combination  of  circumstances  in  the 
wrought-iron  arched  ribs  of  the  Victoria  Railway  Bridge,  in 
four  spans  of  175  feet  each,  which  was  designed  by  Mr.  John 
Fowler,  are  sai(]^  in  no  case  to  exceed  4^  tons  per  square  inch.* 

The  flanges  of  wrought-iron  girders  are  generally  made  of  equal 
or  nearly  equal  area,  for  the  deduction  for  rivet  holes  in  the  tension 
flange  is  compensated  by  the  higher  unit-strain  in  the  net  area 
between  the  holes  which  is  effective  for  tensile  strain. 

498.  ShearlBV  working  strals — ^Premiere  on  lieaiiiiir  sni^ 
ikee« — ^Mnife  e4se«. — The  shearing  strength  of  wrought-iron  is 
substantially  the  same  as  its  tensile  strength  (194),  from  which  it 
follows  that  the  shearing  working  strain  of  iron  rivets  or  bolts  in 
ordinary  girder- work  may  ^qual  5  tons  per  square  inch  of  section, 

♦  Proe,  IntL  C,E,,  Vol.  xxviL,  p.  67. 
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but,  as  already  stated  in  ^69,  the  rivet  area  of  a  tension  joint  is 
usually  about  10  per  cent,  in  excess  of  what  this  rule  allows,  in 
order  to  compensate  for  accidental  inequalities  in  the  distribution 
of  strain  among  the  rivets.  When  calculating  the  area  of  a  plate 
web  from  the  total  shearing-strain  in  the  manner  described  in  M, 
it  is  a  safe  rule  to  adopt  4  tons  per  sectional  inch  of  web  as  the 
maaimum  shearing  unit-strain,  but  this  rule  gives  no  idea  of  the 
amount  of  material  requisite  for  stiffening  the  web,  and  which  can 
only  be  determined  by  experience  in  each  separate  case  (4MI). 
The  bearing  surface  of  a  round  bar,  such  as  the  pin  or  bolt  of  a 
flat  link,  is  measured  by  the  product  of  its  diameter  by  the  length 
of  bearing,  and  it  appears  from  the  experiments  referred  to  in 
461,  that  the  statical  working  pressure  on  a  bearing  surface  of 
wrought-iron  may  equal  1*5  times  the  safe  tensile  strain,  that  is, 
it  may  equal  7*5  tons  per  square  inch  of  bearing  surface.  The 
pressure  of  rivets  in  double-shear  against  the  middle  plate,  sup- 
posing friction  does  not  affect  the  bearing  pressure  (466),  is  often 
double  of  this,  and  the  pressure  of  the  links  of  a  chain  against 
each  other  must  also  be  far  greater.  The  rule  of  the  Board  of 
Trade  for  the  steel  knife  edges  of  public  chfdn-testing  machines 
requires  that  the  pressure  shall  not  exceed  5  tons  per  linear  inch 
of  knife  edge.  In  my  own  practice  I  have  frequently  put  a 
pressure  of  10  tons  on  each  linear  inch,  and  occasionally  17  tons, 
and  found  no  bad  effects. 

479.  WorklnipHBtralii  of  tellers — ^Board  of  Trade  rale — 
French  rale. — The  working  load  of  fresh  water  boilers  should 
not  exceed  one-sixth  of  their  bursting  pressure,  though  locomo- 
tives are  occasionally  worked  (very  unsafely)  to  one-fourth. 
One-seventh  of  the  bursting  pressure  seems  a  proper  working 
load  for  salt  water  boilers,  as  they  are  liable  to  greater  hardship 
than  fresh  water  boilers.  The  following  table  will  illustrate  these 
rules  in  a  convenient  form,  applied  to  parts  in  tension ;  the  struns 
are  given  in  tons  per  square  inch  of  gT06%  area.  The  method  of 
calculating  the  strength  of  boiler  flues  is  explained  in  Chap.  XIII. 
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TABLE  VL— Tbhbili  WoBKnro-BTRAnr  or  Bonisa 


• 

•"Best  beet**  boilerplate. 

Coounon  boiler  plate. 

Tearing 

•train 

per 

Inch  of 
groea 
area. 

Working  etraln 

per  sqaare  inch 

ofgroeiarea. 

Tearing 

■train 

per 

•qnare 

inch  of 

groas 

area. 

Working  •train 

per  aqnare  inch 

of  groaa  area. 

Fredi 

water 

boUers. 

Salt 
water 
boUen. 

Fieah 
water 
boUen. 

Salt 

water 

boUem 

Wronght-lion  pktes,  unpunched. 

Do.           do.,       Bingle-riTeted, 
(strength  =  50  per  cent,  of  that  of 
tiie  onpimched  plate), 

Da           da,      double^meted, 
(ftraogth  =  70  per  cent  of  that  of 
the  nnpnnched  plate), 

tons. 
22 
11 

15-4 

tons. 

1-883 

2-567 

tODB. 

1-57 
2-20 

tons. 
20 
10 

14 

tons. 

1-667 

2-883 

tons. 
1-48 
2-00 

Some  engineers  allow  for  single-riveted  joints  one-fifth  greater 
working  strain  than  is  given  in  the  table,  in  consequence  of  the 
additional  strength  supposed  to  be  derived  from  the  plates  break* 
ing  joint  with  each  other,  but  I  am  not  aware  of  any  experiments 
which  support  this  view.  The  oral  rule  of  the  Board  of  Trade 
Surveyors  for  marine  boilers  is  that  their  tensile  working  strain 
shall  not  exceed  6,000  lbs.,  =:  2*678  tons,  per  square  inch  of  gross 
section ;  for  example,  the  working  pressure  of  a  cylindrical  boiler 
of  }  inch  plates,  12  feet  in  diameter,  and  double-riveted  along  the 
longitudinal  joints,  should  not  exceed  62*5  lbs.  per  square  inch. 

General  Morin  states  that  according  to  a  French  royal  decree 
the  working  strain  of  plate-iron  in  boilers  shall  not  exceed  1*9  tons 
per  square  inch.* 

480.  Workinip  strain  off  en^bie-wark. — In  engine  and  wheel- 
work  it  is  generally  safe  practice  to  proportion  the  moving  parts  so 
that  their  working  strain  shall  not  exceed  one-tenth  or  one- 
twelfth  of  that  which  would  break  or  cripple  them ;  for  instance, 
the  working  strain  of  screw  bolts  in  engine-work  is  generally 
limited  to  about  4,000  fts.  per  square  inch  of  net  section,  and  the 
same  rule  is  applied  to  piston  and  connecting  rods  when  in  tension 

*  lt49iiU»ne€  de»  McUSria/ux,  p.  20. 


488  WOBKING  STRAIN  AND  [CHAP.  XXVIII. 

merely;  when  in  compression,  one  ton,  or  2,240 lbs.  per  sqnare 
inch,  is  an  ordinary  rule,  thongh,  properly  speaking,  the  safe 
working  strain  will  depend  on  the  strength  of  the  rod  to  resist 
flexure,  and  will  therefore  vary,  like  that  of  other  pillars,  with  the 
ratio  of  length  to  diameter. 

481.  Kxanples  off  workinff  strain  In  wroa^t-iron  v^rder 
and  0n«penslon  bridges. — The  following  tables  contain  examples 

of  the  working  strains  in  some  important  vrrought-iron  girder  and 
suspension  bridges.  Several  of  the  suspension  bridges  in  Table 
VIII.  have  toll-gates  which  prevent  the  occasional  load  from 
reaching  so  high  as  80  Ifos.  per  square  foot  of  platform.  There 
are  also  regulations  to  prevent  horses  or  vehicles  from  going  faster 
than  a  walking  pace.  See  *'  Working  Load  on  Public  Bridges  " 
near  the  end  of  this  chapter. 
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48ft.  Strenirtb  aad  qsallty  of  auiieiiato  shovld  be  stated 
iB  speeUleatloBS — ^Pmof  stralM  of  chains  aad  flat  bar  links — 
Admiralty  tests  Ibr  plate-Iron. — In  drawing  up  specifications 
for  girdersy  ships,  or  boiler-work,  it  is  well  to  specify  the  tearing 
strength  and  qnality  of  the  materials.  Plates  may  be  tested  by 
tearing  asunder  samples  of  the  following  shape  [T^  ^  in  a 
proving  machine,  several  of  which  are  now  to  be  found  throughout 
the  kingdom.  The  amount  of  elongation  of  wrought-iron  or  steel 
under  tensile  strain  is  a  test  of  toughness,  a  most  desirable 
quality  for  many  purposes,  though  of  little  importance  in  the 
compression  flanges  of  girders.  In  my  own  practice  I  require  the 
tensile  set  after  fracture  (ultimate  elongation,)  of  ship  plates  and 
tension  plates  of  girders  to  be  not  less  than  5  per  cent,  of  their 
original  length,  when  torn  with  the  grain ;  at  right  angles  to  the 
grain  the  set  is  generally  much  less,  perhaps  only  1  or  2  per  cent. 
I  also  require  their  tensile  strength  to  be  not  less  than  20  tons 
per  square  inch  with  the  grain,  and  18  tons  across  the  grain  (Sftftj 
S58»  S56).  In  proving  cast-iron,  care  should  be  taken  to  round 
off  the  arrises  of  the  pin-holes  by  which  the  sample  is  suspended, 
so  that  the  strain  may  pass  accurately  through  its  axis  (UO). 
Chains  are  now  tested  in  proving  machines  sanctioned  by  the  Board 
of  Trade  (880  to  S8t),  and  it  is  customary  also  to  prove  all  the 
flat  bar  links  of  suspension  bridges  to  9  or  10  tons  per  square 
inch,  but  the  proof  strain  should  in  no  case  exceed  the  limit  of 
elasticity,  say  12  tons  per  square  inch,  lest  the  ductility  of  the 
iron  be  impaired  and  brittleness  result  (400). 

The  following  are  the  Admiralty  tests  for  wrought-iron  ship 
plates: — 

PLATE-ntON  (FIBST  GLASS). 

B.& 

Tenaile  Bfcnin  per  (  Lengihwaji,         ......  22tonB. 

aqoare  Inch.      '  CSroMwsyi,  -  18    „ 

FoBOB  Tnr  (Eot). 

All  platet  of  the  first  oliw,  of  one  inoih  in  thiftknew  and  under,  ihonld  be  of  foch 
dnctOity  m  to  admit  of  bending  hot,  without  fractore  to  the  following  angles : — 
Lengthways  of  the  grain,  .....  125  degrees. 

Across,  -  -  -  -  -    90       „ 


If 


99 


492  WOKKING  STRAIN  AND  [CHAP.  XXVIH. 

FoBOi  Tkt  (Cold), 
AU  plates  of  the  first  cImb  shoiild  admit  of  bending  cold  without  fracture^  ae 
follows : — 

Wiik  the  grain, 
1  in.  and  -f^  of  an  inch  in  thickness  to  an  angle  of  15  degrees. 

B  ■  »>  le  n  11  20  ft 

■}  »  Ts  »>  M  25  „ 

l»  "ft  »»  ft  »  »»  •^5  M 

"IT  w  t  »»  >»  50  M 

A       »,       i  „  f,  70 

W        »      nnder,  „  „  90 

Across  the  grain, 
1  in.,  H,  f ,  and  |{  of  an  inch  in  thicTmess  to  an  angle  of    5  degreesL 
I       andiJ  „  „  10 

i»  "ft*  n      ft  »»  »>  1^ 

A       »»    I  »»  >»  2^ 

ft        w    nnder,  „  „  40       „ 

PLATE-IBON  (SECOND  CLASS). 

R 

Tensile  strain  per  |  Lengthways,  -  -  -  -  20  tons. 

square  inch.      '  Crosswajs,      -  -  -  -  17     » 

FoBGB  Tbst  {Hot), 
All  plates  of  the  second  class  of  one  inch  in  thickness  and  nnder,  should  be  of  such 
ductility  as  to  admit  of  bending  hot,  without  fracture^  to  the  following  angles  : — 
Lengthways  of  the  grain,  -  -  •  -  -90  degrees. 

Across,      -  -  -  -  -  -  -  60       „ 

FoBOB  Test  {Cold), 
All  plates  of  the  second  class  should  admit  of  bending  cold  without  fractnxe^  tm 
follows : — 

With  the  grain, 
1  in.  and  ^  of  an  inch  in  thickness  to  an  angle  of  10  degrees. 

16  „ 

20  „ 

80  „ 

45  „ 

55  „ 

75  „ 

Acrou  the  grain. 
}  in.  and  ^  of  an  inch  in  thickness  to  an  angle  of    5  degrees. 

I»  "nr   »       ft  »>  n  10       N 

TV  »>  t  »»  »»  1^  99 

tV       f»       4  »  »»  20       „ 

ft        „    under,  „  „  80       „ 


i     » 

« 

» 

if 

i     » 

H 

n 

»> 

t»  A  >» 

4 

>» 

19 

ft      ». 

i 

)* 

*> 

A      » 

i 

>f 

)> 

ft      » 

under, 

» 

)» 
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Plfttofl,  both  hot  and  cold,  ahoold  be  tested  on  a  OMt-iron  slab,  haying  a  fair  soxfaoe, 
with  an  edge  at  right  angles,  the  comer  being  rounded  off  with  a  radiuB  of  4  an  inch. 

The  plate  shonld  be  bent  at  a  distance  of  from  3  to  6  incheB  from  the  edge. 

It  is  intended  that  all  the  iron  shall  stand  the  fotge  tests  herein  named,  when  taken 
in  four  feet  lengths,  across  the  grain ;  and  the  whole  width  of  the  plate,  along  the  grain, 
wheneyer  it  may  be  neoessaiy  to  tr j  so  Uurge  »  piece ;  but  a  smaller  sample  will 
generally  answer  eyeiy  purpose. 

All  plates  to  be  free  from  lamination  and  injurious  surface  defects. 

One  plate  to  be  taken  indiscriminately  for  testing  from  every  thickness  of  plate, 
sent  in  per  invoice,  provided  they  do  not  exceed  fifty  in  number.  If  above  that 
number,  one  for  every  additional  fifty,  or  portion  of  fifty. 

Where  plates  of  several  thicknesses  are  invoiced  together,  and  there  are  but  few 
plates  of  any  one  thickness,  a  separate  test  for  plates  of  each  thickness  need  not  be 
made ;  but  no  lot  of  plates  of  any  one  thickness  must  be  rejected  before  one  of  that 
lot  has  been  tested. 

*'  The  sample  pieces  cut  from  the  plate,  after  having  their  edges 
planed,  are  secured  one  by  one  to  the  cast-iron  slab,  about  3  or  4 
inches  from  its  edge,  and  are  then  bent  down  by  moderate  blows 
from  a  large  hammer.  The  result  may  be  greatly  affected  by 
humouring  and  coaxing  on  the  part  of  the  hammer-man.  By 
striking  the  iron  in  the  direction  of  the  fibre  the  workman  can 
make  an  inferior  iron  bend  with  less  symptoms  of  distress  than  a 
better  iron  may  exhibit  when  used  more  roughly.  The  same 
leniency  may  be  shown  to  the  iron  by  bending  it  under  a  steady 
pressure  instead  of  by  blows.  The  blows  should,  therefore,  be 
delivered  not  too  lightly,  and  about  square  to  the  surface,  and  the 
first  signs  of  fracture  should  be  observed  and  recorded.  The 
samples  for  the  hot  test  are  heated  until  they  assume  an  orange 
colour,  and  are  then  bent  down  to  the  prescribed  angles  in  the 
same  way  as  in  the  cold  test."* 

STEEL. 

488.  Working  strain  Iter  steel — Steel  pillars — ^Admiralty 
iemtB  fl»r  steel  plates. — ^We  cannot  yet  infer  from  extensive 
practice  what  is  the  safe  working  strain  for  steel.  Probably  one- 
fourth  of  the  tearing  strain,  or  8  tons  per  square  inch,  is  a  safe 
tensile  working  strain  for  mild  steel  plates  such  as  those  described 
in  860.    The  most  important  steel  girder  bridge  which  has  come 

*  Beed  <m  SMpbuOdinsf,  pp.  385,  89(f. 
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under  my  notice  is  that  constmcted  of  paddled  steel  bj  Major 
Adelsk5ld,  of  the  Royal  Swedish  Enpneers,  for  the  Herljnnga 
and  Wenersborg  Bailway  in  Sweden.  The  girder  is  an  inverted 
bowstring,  carrying  the  railway  in  one  span  of  137^  feet  over 
a  rapid  torrent.  ''  The  dimensions  are  calculated  for  a  strain  of 
8  tons  per  square  inch,  every  portion  having  been  tested  to  16 
tons  per  square  inch  before  being  put  in  place."*  The  crushing 
strength  of  steel  is  so  high  that  12,  or  even  15  tons,  per  square 
inch  is  perhaps  a  safe  compressive  working  strain  when  the  material 
is  not  permitted  to  deflect,  but  when  in  the  form  of  a  solid  pillar, 
the  strength  of  mild  steel  seems  to  be  only  about  If  times  that  of 
wrought-iron  (S86).  Experiments  are,  however,  still  wanting  to 
determine  this,  and,  until  such  are  made,  it  will  scarcely  be  safe  to 
adopt  for  steel  pillars  a  higher  load  than  50  per  cent,  above  that 
which  a  similar  section  of  wrought-iron  would  safely  carry.  The 
Admiralty  tests  for  steel  plates  for  shipbuilding  are  as  follows : — 

Tensile  stram  per  {  Lengthways,  -  -  -  -    33  tons. 

square  inch.      '  Crossways,  -  -  -  -    SO  „ 

The  tensile  strength  is  in  no  ease  to  exceed  40  tons  per  square  inch. 

FoBOB  Test  {ffoT), 
AH  plates  of  one  inch  in  thickn«wB  and  under,  should  be  of  such  duetiliiy  as  to  admit 
of  bending  hot,  without  fracture,  to  the  following  angles  : — 

Lengthways  of  the  grain,  .....  140  degrees. 

Across  the  gram,  ......  hq      ^^ 

FoBOB  Tb8T  (Cold). 
AU  plates  should  adndt  of  bending  cold,  without  firactoie  as  follows : — 


With  the  ffraif^ 

Degrees. 

1  inch  in  thickness  to  an  angle  of  80 


i 


>» 


II 


II 


i» 


II 


II 


» 


II 


II 


II 


II 


II 


19 


♦I 


II 


and  under, 


40 
50 
60 
70 
76 
80 
85 
90 


Acrou  the  grain. 


1  inch  in  thickness  to  an  angle  of  20 

25 
30 
35 
40 
50 
60 
65 
70 


i 
f 
i 

i 

I 

A 
i 


19 


II 


II 


91 


II 


II 


II 


19 


II 


99 


II 


91 


99 


>l 


99 


99 


99 


99 


II 


99 


99 


and  under, 


99 


Hie  edges  should  be  drilled  or  sawn,  and  not  punched,  in  cutting  tibe  sample  from  the 
plate.    In  other  respects  they  should  be  treated  as  ahready  described  for  wrought-trofn.-f' 

•  The  Engineer,  Vol  xxii,  p.  240, 1866. 
f  Beed  on  Shi^tlmilding,  p.  899. 
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Steel  riyets  are  very  brittle  and  their  heads  frequently  fly  off, 
and  accordingly  it  is  nsnal  to  unite  steel  plates  with  iron  rivets,  of 
much  larger  size,  however^  than  would  be  required  for  iron  plates 
of  the  same  thickness. 

TIMBEB. 

484.  finylUihs  JLmerieaii  and  French  praetlec — ^Paviaaciit 
worklnir  strata — Temporarj  workinir  straia. — The  use  of 

timber  in  important  structures  is  now  so  rare  in  the  United 
Kingdom  that  it  is  difficult  to  assign  the  working  strain  which 
English  engineers  consider  safe.  At  the  Landore  viaduct,  con- 
structed by  the  late  Mr.  Brunei  of  creasoted  American  pine 
in  compression,  with  wrought-iron  in  tension,  the  timber  was 
generally  calculated  to  bear  373  tt>s.  per  square  inch,  though 
in  some  parts  of  the  structure  the  strain  was  allowed  to  reach 
560  tt>s.,  or  50  per  cent.  more.  *  At  the  Innoshannon  lattice 
timber  bridge,  erected  by  Mr.  Nixon  on  the  Cork  and  Bandon 
railway,  the  ordinary  working  strains  in  the  flanges  were  484  tt>s. 
compression,  and  847  tt>8.  tension  per  square  inch.  After  16 
years*  life  this  bridge  was  so  decayed  that  it  became  unsafe  and 
was  replaced  by  a  wrought-iron  structure  in  1862.  f  In  America 
large  timber  bridges  are  still  common,  and  General  Haupt,  a 
distinguished  American  engineer,  *'has  not  considered  it  safe  to 
assign  more  than  800  tt>s.  per  square  inch  as  a  permanent  load,  and 
1,000  tt>s.  as  an  accidental  load,"*}  ^^^  io,  a  paper  on  American 
timber  bridges,  read  by  Mr.  Mosse  at  the  Institution  of  Civil 
Engineers  in  1863,  it  is  stated  that  about  900  tt>s.  per  square  inch 
is  usually  considered  by  American  engineers  to  be  the  limit  of  safe 
compression  for  timber  framing.  §  Navier  and  Morin,  distinguished 
French  authorities,  recommend  that  the  working  strain  of  timber 
should  not  exceed  one-tenth  of  the  breaking  strain  ||  and,  owing  to 
its  liability  to  decay,  this  rule  seems  safe  practice  for  structures 

♦  Proc.  ItuL  0,B.,  VoL  xiv.,  p.  600. 

t  Tram,  IntL  O.B.  of  Irdamd,  Vol  TiiL,  p.  1. 

X  Hanpfc  on  Bridge  Comtruetion,  p.  62. 

§  Proe,  In%U  0.B,,  YoL  zzu.,  p.  810. 

y  Nayier,  p.  108,  and  Moxiii,  pp.  51,  04,  68. 
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which  are  exposed  to  the  weather,  but  when  timber  is  nnder  cover 
one-eighth  of  the  breaking  strain  is  a  safe  working  load.  For 
merely  temporary  purposes  a  strain  of  one-fourth  of  the  breaking 
weight  is  probably  safe,  provided  there  are  no  shocks,  as  Mr.  Barlow, 
referring  to  tensile  strain,  states  that  he  ^'  left  more  than  three- 
fourths  of  the  whole  weight  hanging  for  24  or  48  hours,  without 
perceiving  the  least  change  in  the  state  of  the  fibres,  or  any 
diminution  of  their  ultimate  strength."*  With  reference  to 
transverse  strain,  however,  Tredgold  states  that  "  one-fifth  of  the 
breaking  weight  causes  the  deflection  to  increase  with  time,  and 
finally  produces  a  permanent  set,"t  ^^d  the  reader  should  recol- 
lect that  the  coefficients  of  rupture  of  timber,  tabulated  in  65, 
were  derived  from  selected  samples  of  small  size  and  require 
therefore  to  be  reduced  to  about  one-half  when  applied  to  ordinary 
timber  of  large  size.  The  method  of  calculating  the  strength  of 
timber  pillars  has  been  already  described  in  887  and  888. 

485.  Short  life  of  timber  brldffeA— Risk  of  fire. — In  the 
paper  on  American  timber  bridges  already  referred  to,  Mr.  Mosse 
states  that  they  do  not  last  in  good  condition  more  than  12  or  15 
years,  the  timber  being  generally  unseasoned  and  shrinking  much 
after  being  framed.  When  covered  in  to  protect  them  from  the 
weather  '^and  cared  for,  any  shrinkage  of  the  braces  being  im- 
mediately remedied,  it  is  believed  these  bridges  will  remain  in 
good  condition  double  the  usual  time,  or  about  twenty-five  years." 
Some  of  the  old  Continental  bridges,  however,  lasted  much  longer 
than  this,  but  fire  seems  to  be  as  common  an  agent  of  destruction 
as  time  in  America,  where  doubtless,  the  long  dry  summers  give  it 
every  advantage. 

486.  Worklnir  load  on  pUes  depend«  more  upon  tbe 
nature  of  tbe  i^oond  tban  apon  tbe  aetaal  strenirtb  of  tbe 
timber — ^Worklni^  load  at  rl^^bt  an^^les  to  tbe  praln. — As 

piles  in  foundations  beneath  masonry  are  buried  in  the  ground, 

which  itself  supports  an  uncertain  share. of  the  weight  of  the 

superstructure,  it  is  impossible  to  say  exactly  what  weight  rests  on 

the  pile  and  how  much  on  the  surrounding  soil.     The  piles  in  the 

*  Barlow  on  ike  Strength  of  MaUriaUy  p.  24.  f  Tredgold's  Carpeniryy  p.  57. 
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foundations  of  the  High  Level  Bridge  at  Newcastle,  erected  hy 

Mr.  R.  Stephenson,  were  40  feet  long  and  driven  through  sand  and 

gravel  till  they  reached  the  solid  rock*    One  of  these  foundation 

piles  was  tested  with  a  load  of  150  tons,  which  was  allowed  to 

remain  several  days,  and  upon  its  removal  no  settlement  whatever 

)iad  taken  place.    The  piles  are  four  feet  from  centre  to  centre, 

filled  in  between  with  concrete  made  of  broken  stone  and  Roman 

cement,  and  the  utmost  pressure  that  can  come  upon  a  single  pile 

is  70  tons,  supposing  none  of  the  weight  to  be  carried  by  the  inter* 

vening  planking  and  concrete*    The  piles  in  the  Royal  Border 

Bridge,  erected  by  Mr.  Stephenson  over  the  river  Tweed,  in  1850, 

are  American  elm  driven  fix>m  30  to  40  feet  into  gravel  and  sand; 

the  pressure  on  each  of  these  is  also  70  tons,  neglecting  any 

support  derived  irom  the  intervening  soil,t  and  this  is  the  severest 

load  on  piles  I  find  recorded.    . 

Assuming  the  piles  in  these  two  instances  to  be  15  inches  square^ 

and  that  no  part  of  the  weight  was  supported  by  the  ground 

70 
between  the  piles,  the  pressure  does  not  exceed  y^^  =  45  tons  per 

square  foot,  or  700  ibs.  per  square  inch ;  if,  however,  the  pile^ 
were  only  12  inches  square,  the  pressure  is  nearly  1100  ibs.  per 
square  inch.  Some  of  the  uprights  in  the  lofty  scaffolding  on 
which  the  land  spans  of  the  Britannia  Bridge  were  built  carried  28 
tons  per  square  foot,  or  435^  tt>s.  per  square  inch.  The  horizontal 
timbers,  however,  were  somewhat  compressed  under  this  load4  The 
working  load  on  timber  piles,  surrounded  on  all  sides  by  the  ground, 
may  vary,  according  to  Rondelet,  from  427  to  498  tt>8.  per  square 
inch,§  and  Professor  Rankine  ||  says : — *'  It  appears  from  practical 
examples  that  the  limits  of  the  safe  load  on  piles  are  as  follows : — 

'*  For  piles  driven  till  they  reach  the  firm  ground,  1000  ibs.  per 
square  inch  of  area  of  head  (=  643  tons  per  square  foot). 

'*  For  piles  standing  in  soft  ground  by  friction,  200  lbs.  per  square 
inch  of  area  of  head"  (=  12*85  tons  per  square  foot). 

♦  .B^ci  .Brt*.,  Art  "Iron  Bridges,"  Vol  lit,  Part  ill,  p,  604. 
t  Proc.  Imt,  C,E^  Vol  x.,  p.  224.  X  Clark  on  the  Tuimlar  Bridget,  p.  549. 

§  Morin'fl  S£nttance  du  MuUriaux,  p.  71.        il  Manual  cf  CwU  Engineering,  p.  602. 

2   K 
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Professor  Bankine's  rule  is  based  on  sound  prinoiplesy  for  the 
nature  of  the  ground,  and  the  resistance  which  it  offers  to  the  pene- 
tration of  the  piles,  have  generally  more  to  do  with  their  safe  work* 
ing  load  than  the  strength  of  the  timber  has.  As  far  as  the  latter 
alone  is  concerned,  we  might  safely  load  piles  surrounded  by  the 
ground  with  l-5th  of  the  crushing  weight  of  wet  timber,  which, 
according  to  Hodgkinson's  experiments,  is  equivalent  to  a  load  of 
about  1-lOth  of  the  crushing  weight  of  dry  timber  (800).  When, 
however,  loaded  piles  project  above  the  surface  of  the  ground 
they  act  in  the  capacity  of  pillars,  and  their  strength  accordingly 
should  exceed  that  of  piles  surrounded  by  earth.  The  safe  work* 
ing  load  of  timber  at  right  angles  to  the  grain  is  about  one-third 
of  that  lengthways.  For  instance,  300  &>s.  per  square  inch  is  a 
sufficient  load  for  pine  or  fir  cross-sleepers,  and,  if  we  estimate  that 
the  pressure  from  the  driving  wheel  is  equal  to  8  tons  when  the 
engine  is  running,  the  bearing  surface  of  the  rail  in  a  cross^sleeper 
road  should  not  be  less  than  from  50  to  60  square  inches.  Three- 
fourths  of  this  will  probably  be  sufficient  if  the  sleepers  are  made 
of  hard  wood.  A  similar  rule  applies  to  timber  wall-plates,  such 
as  those  which  support  the  ends  of  ^rders. 

FOUNDATIONS,  STONE,  BBICK,  MASONRY,  CONGBET£. 

4§9.  Worklnir  load  on  Ibondations  of  earthy  elay^  graTel 
and  roek* — ^Professor  Rankine  states  that  *'  the  greatest  intensity 
of  pressure  on  foundations  in  firm  earth  is  usually  from  2,500  &8. 
to  3,500  ibs.  per  square  foot,  or  from  17  lbs.  to  23&S.  per  square 
inch,"  and  that  '*  the  intensity  of  the  pressure  on  a  rock  foundation 
should  at  no  point  exceed  one-eighth  of  the  pressure  which  would 
crush  the  rock  "*  Foundations  should  be  placed  sufficiently  deep 
to  protect  them  from  the  influence  of  frost  or  running  water,  nor 
should  it  be  forgotten  that  excavations  and  pumping  operations  in 
the  neighbourhood  of  buildings  frequently  cause  subsidence  of  the 
foundations  and  superstructure.  The  following  table  contuns  a 
few  examples  of  heavy  pressures  on  foundations. 

*  CivU  Bmgineeringy  pp.  380,  377. 
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488*  Worktnip  load  do  rabUe  nuutonrj,  brickwork^ 
Crete  aad  ashlar-work. — The  crushing  strength  of  building 
materials  has  been  ab-eadj  given  in  Chap.  XIV.  The  working 
load  on  rubble  masonry,  brickwork,  or  concrete,  rarely  exceeds  one- 
sixth  of  the  crushiug  weight  of  the  aggregate  mass,  and  this  seems 
a  safe  practical  limit.  General  Morin,  howeyer,  states  that  mortar 
should  not  be  subject  to  a  greater  pressiu*e  than  one-tenth  of  its 
crushing  weight.*  The  ashlar  voussoirs  of  an  arch,  where  the  line 
of  thrust  may  vary  considerably  from  the  calculated  direction, 
should  not  be  subjected  to  a  greater  (calculated)  pressure  than  one- 
twentieth  of  that  which  would  crush  the  stone.  It  b  safe  to  apply 
the  same  rule  to  all  ashlar-work,  as  it  is  very  difficult,  if  not 
impossible,  to  command  a  perfectly  uniform  pressure  throughout 
the  whole  bed  of  each  stone,  and  a  slight  inequality  in  the.  line  of 
pressure  may  cause  splintering  or  flushing  at  the  joints.  Vicat*8 
experiments  on  plaster  prisms  (MO)  and  the  examples  of  pressure 
given  in  the  following  table,  seem  to  show  that  the  weight  on 
stone  columns  may  sometimes  reach  as  high  as  one-tenth  of  the 
crushing  strength  of  the  stone.  This,  however,  is  a  much  severer 
load  than  is  usual  in  modem  practice  and  cannot  be  recommended 
as  very  safe. 

Ex.  What  is  the  sale  load  per  square  foot  for  brickwork  in  oemeiit»  similar  to  that 

whose  cnuhing  weight  is  giyen  at  p.  238.    Here,  the  craahing  weight  =  521  IbsL  per 

square  inch  =  38*5  tons  per  square  foot,  and  we  have, 

33*5 
AntweVf    Safe  working  load  s  -— -  =  5*6  tons  per  square  foot 

6 
*  JUiiitance  des  MaUriaux,  p.  51. 
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TABLE  zn.— ExAXPun  av  wobxxvo  loadb  ov  CovoBm. 


Na 

Nune 
oftbeStmctiue. 

DatOL 

UateiiiL 

Load 
per 

ObssTfBttons. 

1 

1 

1 
s 

Charing  Cro« 
Bridge. 

Chimney   at 
West  Cnm- 
berland 
Hiematite 
Ironworks. 

Base  of  St. 
BoUoz 
chimney, 
Glasgow. 

1868 
1867 

Hawkflhaw. 

Concrete  made 
of  Portland 
cement  and 

,   Thames 
gravel,  1+7. 

Concrete  base 
8  feet  thick, 
made   with 
hydraulic 
lune. 

Strong  con- 
crete or 
beton,  6 
feet  thick. 

(oaa 
8 

2 

8 

See  Ex.  8,  TaUe 
IX. 

See  Ex.  7,  Table 
XL     Pressore 
ongtomid=3r6 
tons  per  square 
foot 

450  feet  below  the 
■nnunit. 

1  Proe,  Ituk  C.E^  Vol.  xidl,  p.  516.    *  IVoim.  IiuL  Eng.  in  Sooiiand,  YoL  xL,  p.  157. 
*  Bankine's  (Htnl  Engineering,  p.  878. 
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480.  A  train  of  eiivlncfi  Is  the  heaTlest  woridnir  load  oa 
100-ibot  railway  ifrdem — ^Threc-fltoiirtlis  of  a  ton  per  mnnlny 
lliot  to  the  heaviest  worfclnir  load  on  40a-lhot  if  rdem — 
Weight  of  Engines — Cllrders  onder  40  feet  Uahle  to  eoneen- 

trated  working  loads. — A  train  of  locomotives,  the  weight  of 
which  generally  varies  from  1  to  1^  tons  per  running  foot,  is  the 
heaviest  rolling  load  to  which  a  single-line  railway  bridge  is  liable, 
bat  it  rarely  happens  in  practice  that  girders  are  subject  to  a  uniform 
load  of  this  density,  except  in  short  bridges  whose  length  does  not 
exceed  that  of  two  engines  with  their  tenders,  which  may  collectively 
cover  from  80  to  100  feet  of  line.  We  may  therefore  safely 
assume  that  the  maximum  stndn  to  which  the  flanges  of  nulway 
girders  100  feet  in  length  are  subject,  does  not  exceed  that  due  to 
the  permanent  bridge-load  plus  a  train-load  of  from  1  to  1^  tons 
(according  to  size  of  engines),  per  running  foot  on  each  line  of  way. 
In  longer  bridges  than  100  feet,  the  train-load  per  running  foot  will 
be  less,  and  in  bridges  of  400  feet  span  or  upwards,  the  greatest 
occasional  load  can  scarcely  exceed  }  ton  per  runnii^  foot  on 
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each  line,  ^8  this  is  a  denser  load  than  that  of  an  ordinary  goods 
train.* 

Until  lately  it  has  been  usual  to  take  one  ton  per  running  foot 
on  each  line  as  the  ruling  load  for  engines.  This,  however,  ia 
scarcely  safe  practice,  since  many  engines  now  exceed  this,  as  shown 
by  the  following  tables,  for  the  first  of  which  I  am  indebted  to 
A.  McDonnell,  Esq^,  Locomotive  Superintendent  of  the  Great 
Southern  and  Western  Railway,  Ireland,  and  for  the  second  to 
J.  Bamsbottom,  Esq.,  late  Locomotive  Superintendent  of  the 
London  and  North  Western  Railway. 

*  The  following  memorandum  shows  the  weight  of  a  train  of  wagons  loaded  with 
sulphar  ore  on  the  Dnblin,  Wicklow  and  Wexford  Railway : — 

**  Weight  of  mineral  engine  loaded,  27  tons. 
tender     do.     17    do. 

Length  of  engine  and  tender,  buffer  to  buffer,  44  feel 

Wagon,  empty  4  tons,  loaded  12  tons ;  length  18  feet,  ont  to  ont  of  bnfferB.  Two 
other  descriptions  of  wagons,  one  12  feet,  and  the  other  14  feet  6  inches  long,  taking 
one  ton  less  and  weighing  about  5  cwt.  less.  A  mineral  train  of  engine,  20  wagons 
and  van,  will  weigh  about  280  tons  and  its  length  wiU  be  about  400  feet  when 
buffers  are  dose  up ;  when  running,  somewhat  longer." 
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Occasional  monster  engines  occur  on  some  railways,  generally 
where  the  gradients  are  unusually  steep,  as  illustrated  in  the 
following  table : — 

TABLE  XVI^ExAMFLis  or  Monstib  EKonrBS  ov  yabioub  Railwats. 


■ 

1 

BAttway. 

No. 

of 

Wheels. 

Wheel 
haae. 

Wel(;ht 

ObaerratioDa. 

North  London, 

4 

ft.       in. 

tona. 
42 

Four  wheels  coupled* 

1 

Oldham, 

6 

49 

Groods  engine  with  8  wheels  cou- 
pled ;  gradient  1  in  27. 

s 

Brecon  ft  Merthyr, 

6 

12      0 

88 

Tank  engine ;  gradient  1  in  88. 

4 

Vale  of  Neath,     - 

1 

8 

• 

56 

Tank  engine  with  8  wheels  coupled; 
afterirards  altered  into  engine 
with  tender  in  conaeqaence  of 
the  destmction  to  the  pennanent 
way ;  gradient  1  in  47. 

ft 

ManritiiiB  BaQway, 

8 

15      6 

*7 

Tank  engine  with  eight  wheels 
coupled,  4  feet  diameter;  gra- 
dients 1  in  27. 

6 

Northern  Hallway 
of  France, 

12 

19      8 

m 

Tank  engine  with  4  outside  oylin- 
den;  wheels  coupled  toffether 
as  in  two  separate  six-wheeled 
coupled  engines.] 

7 

8 

— 

55i 

— 

S 

Giovi, 

8 

— 

55i 

Four  cylinders. 

< 

9 

Cologne  Minden,  • 

— 

11      2 

82 

— 

10 

IS      0 

891 

— 

11 

Da 

— 

11      0 

29 

— 

» »  Proc. /iwfc  Oif.,  ^ 

oL,  xzii 

1,  p.  848,  883.    1 

^/&M2.,p.884. 

>/W(i,p.835. 

t 

"  8 /ftid.,  pp.  878,  848. 

*  /WA,  pp.  872,  874. 

9 

w »»  iWrf.,  Vol  XXV.,  p.  436. 

It  has  been  already  shown  in  4A4  that  railway  bridges  under 
40  feet  span  require  extra  strength  in  consequence  of  high-speed 
trains  increasing  their  deflection,  but  besides  this  they  are  liable  to 
heavier  statical  strains  than  those  due  to  uniform  loads  of  1, 1^, 
or  1^  tons  per  running  foot  on  each  line,  and  their  strength  should 
accordingly  be  greater  in  proportion  than  that  of  girders  which 
exceed  this  spfuir    If,  for  inatance,  »  six-wheeled  engine,  24  feet 


510  WOBKINa  8TBAIH  AND  [CHAP.  XXVm. 

long  and  weighing  32  tons  on  a  twelve-feet  wheel  base,  rest  on  the 
centre  of  a  bridge  32  feet  in  length,  the  Btnun  in  the  flanges  is 
obviously  greater  than  would  occur  if  42'7  tons  (=  32  X  1^)  were 
distributed  uniformly  over  the  whole  length  of  the  bridge.  A 
40-foot  bridge  would,  it  is  true,  have  the  weight  of  only  one  such 
engine  on  the  centre  at  a  time,  and  if  the  load  on  the  middle  pair 
of  wheels  equal  16  tons,  and  that  on  the  leading  and  trailing  pairs 
(6  feet  on  either  side  of  the  centre),  equal  8  tons  respectively,  the 
equivalent  load  concentrated  at  the  centre  of  the  bridge  is  27-2 
tons,  or  54'4  tons  dbtributed.  If  there  were  three  such  engines  in 
a  row,  the  pressure  might  be  slightly  increased  by  the  weight  on 
the  leading  and  trailing  wheels  of  the  extreme  engines,  each  of 
which  would  have  one  pair  of  wheels,  or  8  tons,  resting  on  the 
bridge  within  2  feet  of  the  abutments.  This  is  equivalent  to  1'6 
tons  concentrated  at  the  centre,  or  3'2  tons  distributed  over  the 
bridge.  Adding  this  to  the  54*4  tons  due  to  the  central  engine,  we 
have  a  total  weight  equivalent  to  a  distributed  load  of  57*6  tons,  or 
1'44  tons  per  running  foot.  This  arrangement  of  engines  prodaces 
the  greatest  strun  at  the  centre  of  the  flanges.  Again,  two  such 
engines  might  stand  with  thdr  bufiers  in  contact  at  the  centre  of  the 
40-foot  bridge,  and,  though  their  outer  ends  would  project  beyond 
each  abutment,  their  collective  wheel  base  would  cover  only  36  feet 
of  the  bridge.  This  arrangement  of  engines  produces  greater 
strains  than  the  former  near  the  ends  of  the  flanges.  Indeed,  these 
end  strains  will  in  some  cases  slightly  exceed  those  given  by  the 
following  rules,  but  this  is  compensated  for  by  the  flanges  being 
generally  made  heavier  near  the  ends  than  theory  requires  (497). 

490.  fitondard  worklnir  loads  fbr  railway  bridges  oC 
Tarions  S|iaas. — The  following  tables  are  intended  to  give  the 
results  of  the  preceding  observations  in  a  concise  form.  They  are 
based  on  six  assumptions: — 

1.  The  working  load  for  railway  bridges  400  feet  in  length  and 
upwards  does  not  exceed  |  ton  per  running  foot  on  each  line. 

2.  No  more  locomotives  than  will  cover  100  feet  in  length  follow 
each  other  without  interruption;  hence,  the  worldng  load  per 
foot  diminishes  as  the  span  increases  from  100  feet  up  to  400  feet. 
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3.  Engines  may  be  arranged  on  bridges  less  than  100  feet  long 
so  as  to  produce  greater  strains  than  would  be  due  to  the  engine 
load  if  it  were  of  uniform  density ;  hence,  the  equivalent  working 
load  per  foot  increases  as  the  span  diminishes  from  100  feet 
downwards. 

4.  Bridges  less  than  40  feet  in  span  are  subject  to  concentrated 
loads  from  single  engines,  as  well  lu  to  extra  deflection  from  high- 
speed  trains. 

5.  The  standard  locomotive  is  assumed  to  be  24  feet  long  and  to 
have  6  wheels  with  a  12  feet  base;  to  have  half  its  weight  resting 
on  the  middle  wheels,  and  one-fourth  on  the  leading  and  trailing 
pairs  respectively,  which  are  supposed  to  be  at  equal  distances  on 
either  side  of  the  middle  wheels. 

6.  Standard  Engines  are  assumed  to' weigh  24  tons,  30  tons,  and 
32  tons,  according  to  their  construction^  This  n^akes  the  standard 
load  1  ton,  1^  ton,  or  1^  ton  per  foot  run  of  single  line,  according 
to  the  weight  of  the  engines  which  work  it,  but  it  is  safest  to  take 
the  higher  standards  for  the  railways  in  Great  Britain,  as  they  are 
so  interlaced  that  engines  may  pass  from  one  line  to  another,  and  it 
is  quite  possible  that  we  have  not  yet  arrived  at  the  limit  of  weight. 

BBID0E8  FBOM  40  TO  400  FEET  IN  LENGTH. 

If  the  standard  working  load  (the  heaviest  engine)  on  a  100-foot 
bridge  weigh  1  ton  per  foot,  while  that  on  a  400 -foot  bridge  weighs 
"75  tons  per  foot,  the  difference  (=  *25  ton  per  foot)  must  be 

gradually  dbtributed  among  the  intervening  300  feet;  in  other 

•25 
words,  the  difference  for  each  10  feet  in  length  =  -nrr  =  *0083  tons. 

The  differences  for  the  other  standards  may  be  found  in  a  similar 
way,  and  the  following  table  contains  the  values  of  the  working 
loads  corresponding  to  the  three  standards  for  bridges  of  various 
lengths  between  40  and  400  feet. 
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TABLE  XVXL—WoEKtSQ  Lnn  coads  fob  Railwat  BsiDcns 
FBOK  40  TO  iOO  Fur  in  luote. 


Length 

of  bridge 

in  feet. 


Working  load  in  torn  per  ninning  foot  of  single  line. 


when  tbe 

if  andard  load  on  a 

100-foot  bridge  = 

1  ton  per  foot 


40 
'50 
60 
70 
80 
90 

100 

120 
140 
160 
180 
200 
250 
SOO 
850 
400 


1-05 
1-04 
1-03 
1-03 
1-02 
1-01 

1*00 

*  -98 
•97 
•95 
•98 
•92 

« 

•88 

•83 

•79 

•76 


when  the 

■fandard  loiad  on  a 

100-foot  bridge  = 

1^  ton  per  foot 


when  the 

standard  load  on  a 

lOO-foot  bridge  = 

li  ton  per  foot 


1-86 
1*88 
182 
1-80 
1-28 
1-27 
1-26 
1^22 
1-18 
1-15 
1-12 
1-08 
100 
•92 
•88 
•75 


1-45 

i-4a 

1-41 
189 
1'37 
1-85 

1-83 

ISO 
1-26 
1^22 
118 
1-14 
1-04 
•94 
•85 
•76 


BBIDGES  UNDER  40  FEET  IN  LENGTH. 

Bridges  under  40  feet  iu  length  should  be  strong  enough  ta 
support  a  standard  engine  resting  at  the  centre  of  the  bridge. 
The  following  is  an  approximate  method  of  calculating  the  value 
of  the  working  load  corresponding  to  each  standard.  Firsts  find 
what  load  concentrated  at  the  centre  of  the  bridge  will  produce  a 
strain  in  the  centre  of  the  flanges  equivalent  to  that  due  to  the 
standard  engine;  twice  this  may  be  taken  as  the  equivalent 
uniformly  distributed  load,  which  again,  divided  by  the  span,  ^ves 
the  working  load  per  running  foot  required,  as  contained  in  the 
following  table: — 
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TABLE  ZVIIL— WoBKnra  Lm  Loads  vob  Baiiwat  BBnwu 

UHDUt  40  f  m  IV  Lbhoth. 


Length 

of  bridge 

in  foot. 

Working  load  in  tons  per  mnnlng  foot  of  ein^  line, 

when  the 
•tondard  load  on 
a  100-foot  bridge 
—  1  ton  per  foot 

when  the 

standard  load  on 

a  100.foot  bridge 

_  li  ton  per  foot 

when  the 

standard  load  on 

a  100-foot  bridge 

=sl|  ton  per  foot 

12 
16 
20 
24 
28 
d2 
86 

2-0 

1-88 

1-68 

1-6 

1-86 

1-22 

111 

2-5 

2-34 

21 

1-87 

1-68 

1-68 

1-89 

2-67 

2-6 

2-24 

2*0 

17» 

1-62 

1-48 

It  will  be  pradent  to  adopt  the  highest  standard  for  railway- 
bridges  under  40  feet,  since  loads  in  rapid  motion  have  a  much 
greater  effect  on  these  short  bridges  than  on  longer  and  heavier 
ones,  and  if  velocities  x)f  50  miles  an  honr  are  anticipated,  it  will 
be  well  to  add  from  10  to  20  per  cent,  to  the  above  tabulated 
working  loads  of  bridges  under  40  feet  (454).  Short  railway 
girders  are  so  light  in  proportion  to  the  passing  load,  that  it  is  a 
good  plan  to  bed  them  on  thick  timber  wall  plates,  which  act 
as  elastic  cushions  and  prevent  the  masonry  of  the  abutments 
from  being  shaken  to  pieces  by  the  vibration  of  heavy  trains. 

491.  filTceC  of  coneentrated  loads  opon  the  web. — The 
weight  of  a  heavy  engine  may,  as  already  explained,  be  concen- 
trated within  a  short  wheel  basis  and  thus  produce  a  great  local 
pressure  on  one  or  two  cross-girders,  which  they  again  will  transmit 
to  one  or  two  points  in  each  main  girder.  It  might  even  happen 
in  a  lattice  girder  that  the  intervals  of  the  bracing  and  cross- 
girders  were  such  as  to  throw  the  load  from  several  successive 
pairs  of  wheels  on  one  system  of  diagonals,  which  would  thus  be 
liable  to  excessive  strain.  We  have,  it  is  true,  some  compensation 
for  this;  first,  in  the  rigidity  of  the  flanges,  platform,  sleepers, 

and  rails,  all  of  which  help  to  distribute  the  weight ;  and  secondly, 

2  L 
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in  the  fact  that  the  bracing  of  the  central  parts  of  small  girders 
is  for  practical  reasons  generally  made  stronger  than  theoiy 
requires  (4S0),  and  it  will  generally  be  found  sufficient  to  calculate 
the  web  strains  on  the  supposition  that  the  passing  load  is  of 
uniform  density,  and  equal  in  weight  per  running  foot  to  the 
working  loads  given  above. 

499.  Proof  load  of  railway  brldyes — ^BasUbili  praetfce— 
Freneh  CkfeTerament  rale. — ^No  definite  rule  has  been  yet  made 
by  the  Board  of  Trade  for  the  proof  load  of  railway  girder  bridges, 
but  it  is  a  common  practice  on  the  inspection  of  any  important 
bridge  to  load  each  line  with  as  many  engines  and  tenders  as  the 
bridge  will  hold,  and  measure  the  corresponding  deflection.  This 
proof  is  generally  assumed  to  vary  from  1  ton  per  running  foot  on 
the  longer  bridges  to  1^  ton  on  the  shorter  ones ;  but  when  a  bridge 
exceeds  a  certain  span,  say  150  feet,  it  is  obviously  unreasonable  to 
cover  it  with  heavy  engines,  and  ballast  wagons  may  be  used  along 
with  two  or  three  engines  so  as  to  bring  the  proof  load  more  in 
accordance  with  Table  XVII. 

The  following  are  the  French  Ministerial  regulations  for  the 
proof  loads  of  wrought-iron  railway  bridges : — 

a.  For  bridges  under  20  metres  each  span,  a  dead  toad  of  5,000 
kilogrammes  per  running  metre  of  each  line  (=  1'5  tons  per  running 
foot). 

b.  For  bridges  exceeding  20  metres  each  span,  a  dead  load  of 
4,000  kilogrammes  per  running  metre  of  each  line  (=1*2  tons  per 
running  foot),  but  in  no  case  less  than  100,000  kilognunmes. 

c.  In  addition  to  the  foregoing  proof  by  dead  weight,  a  train 
composed  of  two  engines  (each  weighing  with  its  tender  at  least 
60  tons),  and  wagons  (each  loaded  with  12  tons),  in  sufficient 
number  to  cover  at  least  one  span,  is  driven  across  at  a  speed  of 
from  20  to  35  kilometres  (12  to  22  miles)  per  hour. 

d.  A  second  trial  is  made  by  driving  at  a  speed  of  from  40  to 
70  kilometres  (25  to  43  miles)  per  hour  a  train  composed  of  two 
engines  (each  with  its  tender  weighing  35  tons),  and  wagons  loaded 
as  in  ordinary  passenger  trains,  in  sufficient  number  to  cover  at 
least  one  span. 
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e.  For  bridges  with  two  lines  the  trains  are  made  to  traverse  each 
line,  at  first  in  parallel,  and  then  in  opposite  directions  so  that  the 
trains  may  meet  at  the  centre. 

WORKING  LOAD  ON  PUBLIO  BBIDGBS  AND  BOOFS. 

4M.  Mea  marehiiiir  In  step  and  numiiii^  cattle  are  the 
Beverest  loaibi  on  saBpeiifllon  brMyes — K  crowd  of  people  to 
the  greatest  dUitrlboted  load  on  a  pnhUc  hrldye — ^French 
and  finffUbih  practice — 100  lh«.  per  sqaare  fiiot  recom- 
mended fbr  the  standard  worklnir  load  on  pnhllc  hridifes — 
Pnhllc  hridyeo  sometimes  liable  to  concentrated  loads  as 
hlirl^  as  19  tons  on  one  wheeL — It  is  generally  considered 
that  infantry  marching  in  step  will  stram  suspension  bridges 
far  more  severely  than  any  other  form  of  passing  load.  The 
actual  dead  weight  of  troops  on  the  march  is  said  to  be  about 
35  tt>s.  per  square  foot,  but  this  statical  load  does  not  represent 
the  true  strain  due  to  troops  marching  in  step ;  on  this  subject 
Drewry  came  to  the  following  conclusions : — "  1st,  That  any  body 
of  men  marching  in  step,  say  at  three  to  three  and  a  half  miles 
per  hour,  will  strain  a  bridge  at  least  as  much  as  double  their 
weight  at  rest ;  and,  2nd,  that  the  strain  they  produce  increases 
much  faster  than  their  speed,  but  in  what  precise  ratio  is  not 
determined.  In  prudence,  not  more  than  one-sixth  of  the  num- 
ber of  infantry  that  would  fill  a  bridge,  should  be  permitted  to 
march  over  it  in  step;  and  if  they  do  march  in  step,  it  should 
be  at  a  slow  pace.  The  march  of  cavalry,  or  of  cattle,  is  not  so 
dangerous;  first,  because  they  take  more  room  in  proportion  to 
their  weight;  and  secondly,  because  their  step  is  not  simul* 
taneous."*  Referring  to  the  Niagara  Falls  Suspension  Bridge 
Mr.  Boebling  observes — *'  In  my  opinion  a  heavy  train,  running  at 
a  speed  of  twenty  miles  an  hour,  does  less  injury  to  the  structure 
than  is  caused  by  twenty  heavy  cattle  under  a  full  trot.  Public 
processions  marching  to  the  sotmd  of  music,  or  bodies  of  soldiers 
keeping  regular  step,  will  produce  a  stiU  more  injurious  efiFect."t 
A  crowd  of  people  constitutes  the  greatest  distributed  load  on  a 

*  Drewry  en  ^iMpenjion  Bridget,  p.  190. 

t  Papert  <md  Fraetieal  lUuitratkmt  ofPMic  IFMt,  p.  29.    Weale,  London. 
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public  bridge,  and  15  adults  are  generally  estimated  to  weigh 
1  ton,  which  gives  an  average  of  149*8  fibs,  to  each  adult.  Different 
statements,  however,  have  been  made  respecting  the  number  of 
people  that  can  stand  in  a  given  space,  and  in  order  to  test  this 
I  packed  twenty-nine  Irish  artisans  and  one  boy,  taken  from  a 
forge  and  fitting  shop,  and  weighing  collectively  4,382  fibs,  or 
146  ft)s.  per  individual,  on  a  weigh-bridge  6'  V  X  4'  10"  =  29*4 
square  feet.  In  this  experiment  the  men  overhung  the  edges  of 
the  weigh-bridge  to  a  slight  extent  and  gave  too  high  a  result, 
and  accordingly,  on  another  occasion  I  packed  58  Irish  labourers, 
weighing  8,404  lbs.  or  145  fibs,  a  man,  in  the  empty  deck-house 
of  a  ship,  9'  6''  x  6'  0''  =  57  square  feet ;  this  ^ves  a  load  of 
147*4  fibs.,  or  very  nearly  one  man  per  square  foot,  and  is,  I  believe, 
a  perfectly  reliable  experiment.  'Such  cramming,  however,  could 
scarcely  occur  in  practice  except  in  portions  of  a  strongly  excited 
crowd,  but  I  have  no  doubt  that  it  does  occasionally  so  occur. 
The  standard  proof  load  for  suspension  bridges  in  France  was 
formerly  200  kilogrammes  per  square  metre,  =  41  tt>s.  per  square 
foot.*  This  may  be  a  sufficient  standard  for  bridges  with  gate- 
keepers at  the  ends  to  prevent  overcrowding,  but  it  is  obviously 
insufficient  for  bridges  which  are  free  to  the  public,  especially  in 
the  vicinity  of  towns,  and  modem  French  practice  seems  to  have 
raised  the  standard  to  82  lbs.  per  square  foot.t  Drewry  adopted 
70  fibs,  per  square  foot  of  platform  as  the  greatest  load  that  a  public 
bridge  would  sustain  if  covered  with  people.}  Tredgold  and  Pro- 
fessor Rankine  estimate  the  weight  of  a  dense  crowd  at  120  fibs,  per 
square  foot,§  and  the  late  Mr.  Brunei  is  said  to  have  used  100  lbs. 
in  his  calculations  for  Hungerford  Suspension  Bridge.  Mr. 
Hawkshaw  adopted  80  fibs,  per  square  foot  for  the  footpaths  of 
Charing  Cross  Bridge,  ||  and  (in  conjunction  with  Mr.  W.  H. 
Barlow)  70  fibs,  for  the  Clifton  Suspension  Bridge,T  where  there  are 

*  Brewiy  on  Sutpention  Bridget,  p.  118. 

t  Tram.  Soc  ofEng.for  1866,  p.  197. 

t  Drewry  on  Suapention  Bridges,  p.  189. 

§  Tredgold*B  Carpentry,  p.  169,  and  Bankiiie*!  Civil  Engineering,  p.  466. 

II  Proc  InH.  C,  E.,  VoL  xadi.,  p.  584. 

t  Idem,  Vol.  xxvi.,  p.  248. 
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toll-gates  and  regulations  that  carriages  and  horses  shall  cross  at  a 
walking  pace.  In  my  own  practice,  I  adopt  100  lbs.  per  square 
foot  as  the  standard  working  load  distributed  uniformly  over  the 
whole  surface  of  a  public  bridge,  and  140  fts.  per  square  foot  for 
certain  portions  of  the  structure,  such,  for  example,  as  the  foot- 
paths of  a  bridge  crossing  a  navigable  river  in  a  city,  which  are 
liable  to  be  severely  tried  by  an  excited  crowd  during  a  boat  race, 
or  some  similar  occasion.  Public  bridges  are  also  subject  to  con- 
centrated loads  at  single  points  of  quite  as  severe  a  character  as 
those  to  which  railway  bridges  are  liable ;  if,  for  instance,  a  marine 
boiler,  a  krge  cannon,  an  iron  girder,  a  heavy  forging  or  casting 
be  conveyed  across  a  public  bridge,  the  weight  resting  on  a  single 
pair  of  wheels  may  reach  or  even  exceed  16  tons.  For  example, 
the  crank  shaft  of  H.M.  armour-plated  ship  Hercules — weighing, 
shaft  and  lorry,  about  45  tons  on  four  wheels— was  refused  a 
passage  across  Westminster  iron  bridge  in  1866  for  fear  of  injury 
to  the  bridge,  and  had  to  be  conveyed  across  Waterloo  stone 
bridge,*  and  I  am  informed  that  even  much  lighter  weights  are 
habitually  sent  round  by  the  stone  bridge.  It  is  necessary  there- 
fore to  make  not  only  the  main  ribs  and  cross-girders,  but  every 
part  of  the  sheeting  or  platform  on  which  the  road  material  rests, 
strong  enough  to  bear  heavy  local  loads,  which,  as  we  have  seen 
in  the  foregoing  instance,  may  sometimes  reach  nearly  12  tons  on 

a  single  wheel. 

404.  Weight  of  rooflnir  liatcrials  and  worUnir  load  on 
roofli — ^WelirM  of  snow — Pressure  of  wind  airAiBSt  rooAi. — 

The  following  table   contains   the  weights  of   various   rooiSing 

materials,  exclusive  of  framing,  which  is  given  separately. 

*  Engineer,  VoL  zxii.,  p.  298,  Oct,  1866. 
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TABLE  XIX.— WnoHTft  Of  vabious  Boofdio  MATiBZALa 


Kind  of  eoTering. 


Copper,  -  -  .  .  - 

Lead,    ... 
Zinc,  18  to  16  smc  gange^ 
Corrugated  iron,  20  to  16  B.  W.  G.,    - 
Slating,  first  quality,    .  .  .  . 

Do.,    seoond  quality. 
Rendering  of  Mortar  ^  inch  thick, 
Stone  slate,       .  .  .  .  . 

Plain  tiles,        .  .  .  .  . 

PantQes, 

Thatch  of  straw,  .  .  .  . 

Ordinaiy  timber  framing  for  slated  roofs, 
Boarding  { inch  thick,  .... 
Da    IJ       da,        .  .  .  , 

i  inch  glass,  exdwdye  of  sash,  bars,  or  frames, 

'  


Uml  per  iqiure 

footofraof 

•orfaee. 


1-0 
6to8 

1-5  to  2 

2-5  to  4 
6to7 
8to9 
5to6 

24 

18 

6-5 

6-6 
5to6 

2-6 

4-2 

3-6 
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The  following  table  gives  the  size  and  weight  of  Welsh  slating, 
and  the  number  of  squares  (100  square  feet)  of  roof  each  mil.  of 
1,200  slates  will  cover,  4  inches  being  allowed  for  lap. 

TABLE  XX.— WnoHT  or  Wxlsh  SLAmra 


KlndofaUte. 

W6iflfbftpermlLofl,90a 

1,900  will  eorer 
•qoaneofroof. 

IftqiuUtj. 

ind  qiuUtj. 

in.     in. 

« 

cwt. 

owt. 

Prinoe8Be8» 

24  X  14 

70 

90 

12 

DodiMBes, 

24X12 

60 

81 

10 

MarchionoH^ 

22X12 

£5 

70 

0 

ConntesB, 

20X10 

40 

58 

7 

Yisoounteai, 

18X10 

86 

47 

6 

LMUea,   - 

16X10 

dl 

42 

H 

Ba 

16  X    8 

2$ 

88 

4 

Da 

14X12 

83 

44 

Sk 

Do. 

14  X    8 

22 

4 

27 

31 

Donblefl^ 

18X10 

26 

81 

4 

Da 

18  X    7 

174 

21 

24 

Da 

12  X    8 

184 

• 

22 

21 

Queens-ton  slates  are  from  27  to  36  inches  long  and  of  various 
breadths;  20  cwt.  will  cover: — 1st  qualitj^  3  to  3^  squares;  2nd 
quality,  2|  to  3  squares. 

The  following  table  contains  particulars  of  some  large  station 
roofs.* 

*  Proc  Init,  C.B.,  Yok.  ix.,  ziv.,  zxriL,  zzz. 
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When  the  weight  of  the  covering  per  square  foot,  and  the 
distance  of  the  principals  apart,  are  constant  for  roofs  of  different 
spans,  the  weights  of  the  principals  will  vary  nearly  as  the  squares 
of  the  spans  (894),  and  if  estimated  per  square  of  ground,  directly 
as  the  spans ;  acting  on  this  rule,  Mr.  W*  H.  Barlow  states  that 
with  an  ordinary  truss,  the  distance  between  the  principals  being 
30  feet,  and  the  covering  being  boarding,  slating  and  glass,  the 
weight  of  metal  required  in  the  principals  can  be  expressed 
approximately  in  tons  per  square  of  ground  covered  (100  square 
feet),  by  dividing  the  span  in  feet  by  320,  which  gives  the  fol- 
lowing weights  for  different  spans:— 

SpML  of  roof  in  feet  Weight  of  PrincipalB  in  tons, 

per  square  of  ground  oovered. 

80  -     -     -     -     -  -250 

120 -375 

160 -500 

200 -625 

240 -750 

The  previous  remarks  apply  more  especially  to  large  roofs  whose 
principals  are  far  apart.  In  smaller  roofs,  say  under  120  feet  span, 
it  is  unusual  to  place  the  principals  farther  apart  than  from  8  to 
12  feet,  and  Mr.  Henderson  states  the  results  of  his  experience 
regarding  these  in  the  following  terms.* 

*'  If  a  roof  was  to  be  covered  with  slates,  either  laid  upon  iron 
laths,  or  upon  boarding,  for  ordinary  spans,  the  principals  would  be 
fixed  8  feet  apart,  from  centre  to  centre ;  whilst  if  the  roof  was  to 
be  covered  with  corrugated  iron,  either  painted  or  galvanized,  the 
principals  would  be  12  feet  apart,  from  centre  to  centre,  and  purlins 
of  T  iron  would  be  used  to  carry  the  corrugated  iron.  The 
distance  of  8  feet  apart  for  the  principals,  in  the  former  case,  was 
fixed  by  the  fact  of  that  being  the  greatest  limit  to  which  it  was 
safe  to  go  with  the  ordinary  L  iron  laths,  in  one  case,  and  1^  inch 
boarding  in  the  other.  The  distance  of  12  feet  apart,  for  the 
principals  of  roofs  covered  with  corrugated  iron  was  arrived  at,  by 
that  being  about  the  limit  to  which  purlins  of  T  iron  4  inches  deep 

♦  Proc  InM.  as,.  Vol  xiv.,  p.  268. 
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could  be  applied,  and  from  the  fact  of  the  same  strength  which 
would  suffice  for  principals,  placed  at  distances  of  8  feet  apart  for  a 
slated  roof,  being  also  sufficient  when  placed  at  12  feet  apart,  if  the 
roof  was  covered  with  corrugated  iron,  on  account  of  that  covering, 
with  its  supports,  being  so  much  lighter  than  a  covering  of  slates 
with  their  supports,  that  expression,  *  supports,'  being  intended  to 
apply  only  to  the  laths  and  the  boarding,  or  purlins,  as  the  case 
might  be*  The  four  descriptions  of  coverings,  including  every- 
thing except  the  principals  themselves,  might  be  stated  to  be  of  the 
following  valuer  per  square  (in  the  year  1855) : — 

*'  1st.  A  covering  consisting  of  L  iron  laths  and  slating,  inclu^Ung 
the  laths,  slates,  gutters,  skylights,  louvre  standards  and  blades^ 
rain-water  pipes,  glass,  and  punting  complete,  at  £5  10s.  per  square. 

^*  2nd.  A  covering  consisting  of  1:|^  inch  beaded  boarding,  grooved 
and  tongued  with  iron  tongues,  including  the  boarding,  slates, 
gutters,  skylights,  louvre  standards  and  blades,  nun-water  pipes, 
glass  and  painting  complete,  at  £5  17s.  6d.  per  square. 

*^  3rd.  A  covering  consisting  of  T  iron  purlins  and  corrugated 
sheet  iron  No.  18  B.W.G.,  painted  with  four  coats  on  each  side, 
including  the  purlins,  the  sheet  iron  covering,  the  skylights,  the 
louvre  standards  and  blades,  rain-water  pipes,  glass,  and  painting 
complete,  at  £6  12s.  6d.  per  square. 

"  4th.  A  covering  consisting  of  T  iron  purlins,  and  corrugated 
galvanized  sheet  iron  No.  18  B.W.G.,  including  the  purlins,  the 
sheet  iron  covering,  the  skylights,  the  louvre  standards  and  blades, 
rain-water  pipes,  glass,  and  painting  complete,  at  £7  per  square. 

**  The  whole  of  the  above  calculations  were  based  upon  the  case 
of  a  roof  of  60  feet  span  in  the  clear,  from  centre  to  centre  of  the 
shoes,  with  one-third  of  the  entire  sur&ce  of  covering  glazed,  and 
with  a  raised  louvre  over  the  centre,  for  ventilation.  For  roofs  of 
60  feet  square,  such  as  the  above  covering  was  intended  for,  the 

*  "  This  is  perhaps  not  qtdte  oorrect»  becaase,  although  the  principals  and  oovering  are 
mach  lighter,  yet  in  order  to  make  a  fair  oomparison,  the  same  strength  ought  to  be 
provided  for  wind  and  weather ;  but  the  trath  is,  that  coiragated  iron  ooveiing  has 
generally  been  introduced  with  a  view  to  economy,  and  the  piincipals  have  been  made* 
even  comparatively,  somewhat  lighter  and  not  so  strong  as  for  slated  roob." 
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principala  placed  in  the  one  case  8  feet  apart,  from  centre  to  centre, 
and  in  the  other  case  12  feet  apart,  from  centre  to  centre,  would 
weigh  about  18  cwt.  and  cost  about  £25.  In  the  one  case  each 
principal  would  serve  for  about  five  squares  of  roofing,  measured  on 
plan,  and  in  the  other  case  for  about  seven  squares  and  a  half. 
It  therefore  foUowed,  that  the  weight  per  square,  in  the  one  case, 
would  be  about  3  cwt.  2  qrs.  24  fib.,  and  in  the  other  case,  about 
2  cwt.  1  qr.  per  square,  whilst  the  cost,  in  the  one  case,  would  be 
£5  per  square,  and  in  the  other  case,  a  little  more  than  £3  lOs. 
The  average  weight  of  covering,  if  slating  was  used,  would  be 
about  9  cwts.  per  square,  and  if  galvanized  iron  was  used  it  would 
not  exceed  5^  cwts.  per  square.  The  foregoing  facts,  in  reference 
to  covering,  might  be  considered  to  hold  good  for  all  cases,  where 
a  nmilar  description  of  roofing  was  used,  with  principals  8  feet 
apart  in  the  one  case,  and  12  feet  apart  in  the  other,  and,  of  course, 
it  would  be  understood  that  these  dimensions  were  given  as  the 
extreme  limits.  If  the  principals  were  fixed  further  apart,  the 
strength  of  the  supports  of  the  covering  must  be  increased,  and 
that  would  augment  the  expense.  For  instance,  taking  a  roof 
where  the  principals  were  fixed  24  feet  apart,  from  centre  to 
centre,  the  purlins  would  have  to  be  increased  in  strength  to  such 
an  extent  as  would  double  the  price  per  square  for  the  purlins 
themselves,  but  the  expense  of  the  other  part  of  the  covering  would 
not  be  altered.  As  already  stated,  for  a  roof  of  60  feet  span,  the 
principals  themselves  would  weigh  18  cwts.  each,  and  these  prin- 
cipals might  be  used  either  8  feet  apart  or  12  feet  apart,  according 
to  the  covering  adopted.  For  roofs  of  greater  spans  the  weight  of 
the  principals  would  increase  as  the  squai^s  of  the  span  (the  load  per 
superficial  foot  and  the  pitch  of  the  rafter  being  the  same),  so  that 
the  weight  of  a  principal,  for  a  roof  of  120  feet  span,  would  be 
72  cwts.,  but  of  course  some  trifling  alterations  in  the  weight  might 
arise  from  variations  in  the  details  and  connexions.^ 

Morin  states  that  snow  weighs  ten  times  less  than  water,  and 
that  it  may  accumulate  on  roofs  to  half  a  metre,  or  nearly  20 
inches  in  depth,  when  it  will  weigh  10  fibs,  per  square  foot.*    Mr. 

*  JUiiiUmee  dm  MaUritmx,  p.  882. 
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Zerah  Colbum  estimates  that  the  weight  of  saturated  snow  on 
bridges  in  America  is  equal  to  6  inches  of  water,  or  30  fts.  per 
square  foot  over  the  whole  floor  of  a  bridge.*  The  maximum 
pressure  of  wind  agiunst  bridge  girders  has  been  already  given  in 
440  as  equivalent  to  a  horizontal  pressure  of  25  lbs.  per  square 
foot  of  vertical  surface.  The  slope  of  a  roof  must  greatly  diminish 
this,  and  it  will  be  sufficient  to  assume  the  maximum  effort  of  the 
wind  against  a  sloped  or  curved  roof  to  be  equivalent  to  a  down- 
ward pressure  of  20  lbs.  per  square  foot,  acting  separately  on  each 
side.  For  ordinary  roofs  in  the  English  climate  it  will  be 
sufficiently  accurate  if  we  calculate  their  strength  on  the  suppo- 
sition that  they  are  liable  to  the  following  loads : — 

1^.  A  uniform  load  of  40  lbs.  per  square  foot  of  ground  sm&oe, 
distributed  over  the  whole  roof* 

2^.  A  uniform  load  of  40  lbs.  per  square  foot  of  ground  surface 
distributed  over  the  weather  side  of  the  roof,  and  20  B>s.  on  the 
other  side  which  is  away  from  the  wind.  This  40  lbs.  will  generally 
cover  the  weight  of  slates,  boarding  or  laths,  purlins,  framing  or 
principals,  snow  and  wind  for  roofs  under  100  feet  in  span.  For 
roofs  exceeding  100  feet  in  span,  we  may  assume  that  the  total 
load  is  increased  by  lib.  per  additional  10  feet — ^thus,  the  load  for 
calculation  on  a  200  feet  roof  will  be — 

1^.  A  uniform  load  of  50  lbs.  per  square  foot  of  ground,  dis- 
tributed over  the  whole  roof. 

2^.  A  uniform  load  of  50  lbs.  per  square  foot  of  ground  plan 
distributed  over  one  half  the  roof,  and  30  lbs.  on  the  other.  When 
the  strength  of  roof  is  calculated  by  the  foregoing  rules,  the 
working  strain  in  iron  tie  rods  may  be  as  high  as  7  tons  per 
square  inch  of  net  area,  unless  they  are  welded,  or  unless  their 
section  is  very  small,  in  either  of  which  cases  5  tons  will  be 
enough. 

•  Proc  JntU  C,  B,y  Vol  xxiL,  p.  546. 
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CHAPTER  XXIX. 


ESTIMATION  OF  6IBDEB-W0BK. 


4M.  Tbeoretle  and  empiiical  qaaiitltleii — ^i^Uowanee  fbr 
liTei  holes  In  parts  In  tension  generally  Taries  tronk  one- 
third  to  one-ilfth  of  the  net  section. — Chapter  X.  contains 
formulae  for  calculating  the  theoretic  amount  of  material  required 
for  braced  girders  with  horizontal  flanges,  when  their  length,  depth, 
load  and  unit-strain  are  knoWn.  In  order  to  render  these  formulae 
of  practical  use  in  estimating  girder-work,  certain  large  additions, 
derived  from  experience,  must  be  added  to  the  theoretic  quantities. 
If,  for  instance,  the  girder  be  made  of  wrought-iron,  the  formulae 
are  based  on  the  supposition  that  the  material  is  in  one  continuous 
piece  whose  whole  section  is  equally  effective  for  resisting  strain. 
This  is  not  the  case  in  reality,  for  rivet  holes  in  parts  subject  to 
tension,  stiffeners  in  those  subject  to  compression,  covers,  packing, 
rivet  heads  and  waste — all  require  certain  additions  to  the  theoretic 
quantities  which  experience  alone  can  supply.  When  the  general 
design  is  arranged,  it  is  easy  to  estimate  the  increased  percentage 
of  material  arising  from  the  weakening  effect  of  rivet  holes  in  parts 
subject  to  tension  (496).  In  girder-work  the  allowance  for  rivet 
holes  generally  varies  from  one-third  to  one-fifth  of  the  net  sectional 
area  according  to  the  design ;  the  larger  allowance  of  one-third  may 
be  required  for  the  tension  diagonals  of  small  girders ;  a  medium 
allowance  of  one-fourth  for  the  tension  diagonals  of  large  girders 
and  the  tension  flanges  of  small  ones ;  and  an  allowance  of  one- 
fifth  for  the  tension  flanges  of  large  girders. 

496.  Allom'aaee  fbr  stiffeners  In  parts  In  compression 
Taries  aeeordlnir  to  their  sectional  area— I^ar^  compression 
flanfpes  seldom  reqnire  any  allowance  fbr  stlfTenlni^ — Com- 
pression hraclnir  requires  larfre  percentaires. — The  additional 
percentage  of  material  required  to  withstand  flexure  or  buckling  in 
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parts  subject  to  compression  is  not  so  easily  estimated.    It  w3I 

generally  be  found  to  diminish  in  proportion  as  the  area  of  the 

part  increases,  for  when  the  area  is  considerable,  a  stiff  form  of 

cross  section  may  be  given  with  little  or  no  extra  material.     This 

is  frequently  the  case  with  the  compression  flange,  especially  in 

large  girders.    Long  compression  braces,  however,  require  mach 

extra  stiffening  and  the  amount  of  this  varies  within  considerable 

limits.     In  the  Bojme  Lattice  Bridge  the  extra  material  required 

to  stiffen  the  various  compression  braces  varied  f^m  60  to  128 

per  cent,  of  the  theoretic  amount  (calculated  at  4  tons  per  square 

inch)  which  would  have  been  required  to  resist  crushing  merely,  if 

flexure  had  been  left  out  of  consideration,  the  higher  percentages 

being  required  in  the  central  diagonals  whose  scantlings  were 

small,  since  they  had  to  sustain  but  slight  strains*    In  bridges 

above  250  feet  span,  with  two  main  girders  and  a  double  line  of 

railway,  a  sufficiently  close  approximation  will  generally  be  made 

if  we  assume  the  extra  quantity  of  material  to  resist  flexure  in  the 

compression  bracing  equal  to  as  much  again  as  the  theoretic 

quantity  calculated  by  the  formuls,  but  when  the  bridge  is 

designed  for  a  single  line  of  railway  this  percentage  is  insufficient ; 

perhaps,  in  this  case  twice  the  theoretic  quantity  would  generally 

be  a  safe  allowance,  as  the  extra  quantity  required  for  stiffening 

the  compression  bracing  of  a  single-line  bridge  is  not  widely 

different  from  that  required  for  the  double  line. 

499.  AUourance  fbr  coFers  In  llaiii^e«  Taries  flroni  IS  to 
15  per  eent.  of  the  irroM  section — ^Kstlmatlnir  S^rder-worlc 
a  tentatlTe  process. — The  allowance  for  covers  will  also  vary 

much  with  the  design,  long  flange-plates  requiring  fewer  covers 

than  short  ones  (4M  to  466).     In  the  piled  flanges  of  the  Boyne 

lattice  girders,  the  covers  formed  about  12  per  cent.,  or  nearly 

l-8th,  of  the  plates  and  angle  iron.     In  the  cellular  flanges  of  the 

Conway  tubular  bridge,  the  covers  of  the  compression  flange  formed 

5  per  cent,  of  the  plates  and  angle  iron,  and  those  of  the  tension 

flange  28  per  cent.;   adding  both  flanges  together,  the  covers 

formed  about  15  per  cent,  of  the  plates  and  angle  iron.* 

*  Clark  on  t^  Tiibviar  Bridges^  p.  586. 
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The  process  of  estimatmg  the  quantities  in  any  proposed  bridge 
is  tentative  and  depends  upon  experience,  for  it  is  necessary  to 
assume  a  weight  for  the  permanent  bridge-load,  and  then  make  the 
calculations  with  the  various  practical  allowances  above  mentioned. 
Now,  the  resulting  weight  from  this  calculation  may  not  agree 
vdth  that  which  has  been  assumed.  In  this  case  the  first  estimate 
gives  an  approximation  for  a  second  calculation,  and  even  a  third 
may  be  necessary  where  great  nicety  is  required.  The  following 
examples  will  illustrate  this  method  of  forming  estimates: — 

Example  1. 
498.   DoaMc-lliM   liiMee  bridge  969  feci  lonv*— I  shall 

select  for  the  first  example  a  wrought-iron  lattice  bridge  for  a 
double  line  of  railroad  of  the  same  length,  depth  and  width  as  the 
central  span  of  the  Boyne  Lattice  Bridge,  the  weight  of  which  is 
given  in  detail  in  the  appendix.  As  the  Boyne  Bridge  is  a  con- 
tinuous girder  in  three  spans,  its  central  span,  of  course,  requires 
less  material  than  a  bridge  of  equal  dimensions  which  has  not  the 
same  advantage  of  continuity. 

Let  Z  =  267  feet  =  the  lengtii  measured  from  centre  to 
centre  of  end  pillars  (55), 

dzz^=:  22*25  feet  =  tiie  depth, 

0  =:  45^  =:  the  angle  of  the  bracing,  whence 

sec0.  cosec9  =  2  (999), 
/  =  5  tons  tensile  inch-strain  of  net  section, 
/^  =  4  tons  compressive  inch-strain  of  gross  section, 
and  let  tiie  width  of  platform  between  the  main  girders  equal  24 
feet  as  in  the  Boyne  Bridge.    Let  the  maximum  passing  load  equal 
1  ton  per  running  foot  on  each  line,  =  534  tons  when  covering 
both  lines  together,  and  let  us  assume  that  the  permanent  bridge- 
load  equals  490  tons,  which  ^ves  the  total  load  supported  by  the 
girders  as  follows: — 

W  =  534  +  490  =  1024  tons. 
With  this  load  uniformly  distributed,  the  theoretic  quantities  of 
material  (eqs.  206  and  208)  are  as  follows,  4*6  cubic  feet  of  wrought- 
iron  being  assumed  equal  to  1  ton. 
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TmuL 

Tenrion  bracing  =  l^^t^f!!  =  9^93  «"bic  feet,*  -  20-64 

Compression  bracing  (=  fths  of  the  tension  bracing),  25*80 

Tension  flange  |  =  ^^  x  tension  bracing,  eq.  208 1 ,  82*56 

Compression  flange  (=  |ths  of  the  tension  flange),  -  103*20 

Total  theoretlo  weight,  •   232*20 

The  true  quantities  are  obtained  from  the  foregoing  by  adding 

the  percentages  derived  from  experience,  as  follows : — 

Tons.  ToDiw 

Theoretic  tension  bracing,    -        -        -        -  20*64  )     oit.Q/\ 


64) 
•16  j 


Bivet  holes,  say  ^th  of  net  section,        -        -    5 

r80| 
r80  j 


Theoretic  compression  bracing,     -        -        -  25'..  ^^^ 

Add  as  much  again  for  stiffening,  -        -25'^'^ 

Theoretic  tension  flange,      -        -        .        -  82 ,.,,  ^     oo-nT 


1*56  1 
;*51  ) 


Bivet  holes,  say  }th  of  net  section,        -        -  16' 

Covers  of  tension  flange,  say  j^th  of  flange,    -        -  12*38 

Theoretic  compression  flange,       ....  103*20 

Covers  of  compression  flange,  say  ^th  of  flange,     -  12*90 

304*95 
Bivet  heads,  packings,  waste  (489«  436),  say  10  per  cent.,  30*49 


Weight  of  iron  in  the  main  gixtlera,  -  335*44 

35  cross-girders,  7  feet  5  inches  apart,  each 

1*32  tons  (see  Appendix, "  Boyne  Viaduct"),  46*20  | 
Cross-bracing,         do.  do.  17-66  j 


IXTelght  of  Iron  between  end  pillars,  •  339'80 

6-inch  planking  of  platform  24  feet  wide, 
=  3,204  cubic  feet,  @  50  cubic  feet  per  ton,  64*08 

Longitudinal  timbers  under  mis,  12  inches 
X  6  inches  =  534  cubic  feet,    -        -        -  10*68 

Barlow  rails,  356  yards,  @  100  lbs.  per  yard,  *  15'89 


90*65 


Permanent  bridge-load  between  end  pUlars,  489*95 

*  KoTs. — ^The  theoretic  qtumtity  of  mAterUl  in  the  tenaon  brftoing  it  only  oae-lialf 
thAt  giyen  by  eq.  206,  which  represents  the  qtumtity  for  the  whole  weU 
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bang  0*05  tons  less  than  that  assumed.     In  order  to  obtain  the 

total  weight  of  wroaght-iron  in  the  bridge,  we  must  add  the  weight 

of  the  4  end  pillars  with  their  2  lower  cross-girders  and  2  top 

cross-girders  and  gussets  (443),  say  30  tons  in  all,  to  the  weight 

of  iron  between  the  end  pillars ;  this  makes  the  total  weight  of 

wrooght-lron  in  the  structure  =  399*30  4-  30  =z  429*30  toiuL 

In  this  example  we  find  that  335*44  tons  of  iron  are  required  in 

the  main  girders  to  support  themselves  and  an  additional  load  of 

688*56  tons  uniformly  distributed.    Consequently,   each  ton  of 

355*44 
additional  load  uniformly  distributed  requires  ^ooTtt*  =  0*487  tons 

of  iron  in  the  main  girders,  and  if  an  additional  load  of  100  tons  of 
ballast  were  spread  over  the  platform,  we  should  add  48*7  tons  of 
iron  to  the  main  girders  to  support  the  weight  of  this  ballast 
without  the  unit-struns  being  increased. 

400.  Permanent  strains  —  Strains  fWini  train-load  — 
Eeonomy  dne  to  emitinalty. — The  permanent  inch-strains,  that 
is,  the  inch-stnuns  due  to  the  permanent  bridge-load  of  489*95  tons, 
are  2*39  tons  tension  and  1*91  tons  compression;  those  due  to  the 
main  girders  alone,  weighing  335*44  tons,  are  1*64  tons  tension  and 
1*31  tons  compression,  and  those  due  to  a  train-load  of  one  ton  per 
running  foot  on  each  line  uniformly  distributed  are  2*61  tons  tension 
and  2*09  tons  compression.  The  actual  weight  of  iron  in  the  nudn 
girders  of  the  long  central  span  of  the  Boyne  Bridge  =  297*41 
tons;  the  difference  between  this  and  our  example  =  335*44  — 
297*41  =  38*03  tons,  which  represents  the  saving  efiected  in  the 
central  span  of  the  Boyne  Bridge  by  its  connexion  over  the  piers 
with  the  side  spans.  As,  however,  this  connexion  causes  a  certain 
loss  of  material  in  the  shorter  side  spans,  the  total  amount  of 
economy  produced  by  continuity  is  probably  less  than  that  above 
stated  (t58»  4M). 

Example  2. 

500.  Slnyie-ilne  lattlee  bridge  400  feet  lonir. — A  wrought- 

iron  lattice  bridge  for  a  single  line  of  railway,  400  feet  long  from 

2  M 
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centre  to  centre  of  end  pillars,  25  feet  deep  and  14  feet  wide 
between  main  girders,  with  the  bracing  at  an  angle  of  45^.  Udng 
the  same  symbols  as  before,  we  have, 

I  =  400  feet^ 

rf  =  ^  =  25  feet, 

e  =  45^ 

/  =  5  tons  tensile  inch-strain  of  net  section, 
f  =  i  tons  compressive  inch-stndn  of  gross  section. 

Let  the  maximum  train  load  equal  |  ton  per  running  foot  (4IIO), 
and  assuming  that  the  permanent  bridge-load  equals  1300  tons,  we 
have  the  total  distributed  load, 

W  =  300  +  1300  =  1600  tons. 

The  theoretic  quantities  with  their  empirical  percentages  are  as 
follows  (eqs.  206,  208). 

Tons.  Tom. 

Theoretic  tension  bracmg  =  -r — ^ — =-j-j  = 

4  X  0  X  X4:4 

222-2  cubic  feet,  @  4*6  cubic  feet  per  ton,  -  48*3  ) 
Bivet  holes,  say  one-fourth  of  net  section,  -  12*1  ) 
Theoretic  compression  bracing  (=  |ths  of  the 

theoretic  tension  bracinfir)  ...    60'4  ) 

Add  twice  as  much  for  stiffening  -        .        .  120'8  ) 

rPk       *•    *     •     fl    ^      1600x400x16 
Theoretic  tension  flange  =  -^r^ — = — rn —  = 

®  12x6x144 

1,18518  cubic  feet,  @  46  cubic  feet  per  ton,  2576  1 
Bivet  holes,  say  }th  of  net  section,       -        -    51*5  ) 

Covers,  say  Jth  of  flange, 38*6 

Theoretic  compression  flange  (=  |ths  of  the 

theoretic  tension  flange), 322*0 

Covers,  say  ^th  of  flange, 40*5 

951-8 
Bivet  heads,  packings,  waste,  say  10  per  cent.,       -  95'2 

Iron  In  main  girders, 1047'0 
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TOUB. 

Cross-girders  =  400  X  0*18  tons  (445),          -        -         720 
Cross-bracing,  say, 35-0 


W«lglit  of  Iroii  b6tw6«n  end  pillars,    -  1164*0 

Platform,  rails,  sleepers  and  ballast  =  400  X  0*36 

tons(44«X 144-0 


Pttrmmnent  teldge-load  between  end  pillars,       -    1298-0 

being  2  tons  less  than  that  assumed.  If  the  4  end  pillars  and 
cross-girders  over  the  abutments  weigh  40  tons,  the  total  weight 
of  wrooght-lron  in  the  bridge  =  1,154  +  40  =  1194  tons* 

From  this  estimate  it  appears  that  1047  tons  of  iron  are  required 
in  the  main  girders  to  support  themselves  and  an  additional  load  of 

553  tons  uniformly  distributed;  consequently,  each  ton  of  additional 

• 

load  uniformly  distributed  requires  for  its  support  -^^^  =  1*89  tons 

in  the  main  girders.    If,  for  instance,  the  maximum  train-load  be 

1  ton  in  place  of  |  ton  per  running  foot,  this  uniformly  distributed 

load  will  amount  to  400  tons  in  place  of  300  tons,  that  is,  100  tons 

more  than  has  been  assumed,  and  this  will  require  100  X  1*89  = 

189  tons  extra  iron  in  the  main  girders  for  its  support,  and  the 

increased  total  load  on  the  bridge  will  be  289  tons,  or  nearly  three 

times  the  useful  addition.    The  iron  in  the  flanges,  including  the 

10  per  cent,  for  rivet  heads,  packings  and  waste,  weighs  781-2  tons ; 

the  iron  in  the  web,  also  including  the  percentage  for  rivet  heads, 

&c.,  weighs  265*8  tons ;  consequently,  each  ton  of  useful  load  uni- 

781*2 
f ormly  distributed  requires  -tkT  =  ^  *^^  ^^^  ^^  ^^  ^^^  the  flanges, 

and    ,,,.   =  0*48  tons  in  the  webs.    The  inch-strains  due  to  the 

permanent  bridge-load  of  1,300  tons  between  the  end  pillars  are  4'06 
tons  tension  and  3*25  tons  compression,  while  those  due  to  a  uni* 
formly  distributed  train-load  of  |  ton  per  running  foot  are  0*94 
tons  tension  and  0*75  tons  compression. 
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Example  3. 

501.  SiBffle-llne  lattice  bridire  400  feet  lonffj  as  ia  fix.  Z, 
bot  witli  Uirb^i*  nnlt-strains. — ^A  wrought-iron  lattice  bridge 
of  the  same  dimensions  as  the  last,  but  in  place  of  the  inch-strains 
being  5  and  4  tons  let 

/  =  6  tons  tensile  inch-strain  of  net  section, 
f  z=i  b  tons  compressive  inch-strain  of  gross  section. 
Assuming  that  the  permanent  bridge-load  =  960  tons,  we  haye  the 
total  distributed  load, 

W  =  300  +  960  =  1,260  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Tona        Tona. 

Theoretic  tension  bracini?  =  -. ^ ^tt  = 

*      4  X  6  X  144 


145*83  cubic  feet,  @  4*6  feet  per  ton,        -    31' .  , 

^  *      39*6 


X  t)  X 

11-7  I 

Rivet  holes,  say  \  of  net  section,  -        -        -  7*9  j 

Theoretic  compression  bracing  (=  fths  of  the 

theoretic  tension  bracing),          -        -        -  38*0 ) 

Add  three  times  as  much  for  stiffening,*       -  1 14*0  ) 

rp,        X.   X      •     n  1260x400x16 

Theoretic  tension  nan£ce  =  — ^i-r — ^^ — -.-. —  = 

^  12x6x144 

777*8  cubic  feet,  @  4*6  cubic  feet  per  ton,    169*1  ) 

\    202*9 
Rivet  holes,  say  J-th  of  net  section,        -        -    33*8  ) 

Covers,  say  Jth  of  flange, 25*4 

Theoretic  compression  flange  (=  }ths  of  the 

theoretic  tension  flange), 202*9 

Covers,  say  Jth  of  flange, 25*4 

648-2 
Rivet  heads,  packings,  waste,  say  10  per  cent.,       -  64*8 

Iron  In  main  girders, 713*0 


*  In  tills  example  I  allow  three  times,  in  place  of  twice  the  theoretio  amoimty 
because  the  extra  quantity  of  material  required  for  stiffening  Che  compression  bracinff 
is  but  slightly  affected  by  the  adoption  of  higher  unit-strains. 
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Tons. 

Cross-girders,  as  in  last  example,   ....  72*0 

Ctoss-bracing,  say, 30*0 


Weight  of  Iron  lietween  end  pillars,  -  8I60 

Platform,  rails,  sleepers  and  ballast,  as  in  last,        -         144*0 

Pormanont  bridge-load  between  end  pillars,  9690 

being  1  ton  less  than  that  assumed.  K  the  four  end  pillars  and 
cross-girders  over  abutments  weigh  35  tons,  the  total  weight  of 
wronght-lron  in  the  bridge  =  815  +  35  =  860  tons. 

The  main  girders  in  this  example,  weighing  713  tons,  support 
themselves  and  an  additional  load  of  547  tons  uniformly  distributed. 

Consequently,  each  ton  of  useful  load  uniformly  distributed  re- 

713 
quires  for  its  support  ^j=  =  1*304  tons  in  the  main  girders.    The 

inch-strains  due  to  the  permanent  bridge-load  of  960  tons  between 

,    .„  6  X  960       .  -„  ,        ,      .  ,  5  X  960      «,q- 

end  pillars  =  -^-^/»7r-  =  4'57  tons  tension,  and     ^  >^^     =  o'ol 

tons  compression,  while  those  produced  by  a  uniformly  distributed 
train-load  of  |  ton  per  running  foot  are  1'43  tons  tension  and  1*19 

tons  compression. 

509.  €(reat  eeonoBiy  firom  hli^  anlt-stralns  In  lonip 
iplrders — Steel  plates. — Comparing  this  with  the  preceding 
example,  we  find  a  saving  in  the  main  girders  equal  to  1,047 — 
713  =  334  tons,  or  nearly  47  per  cent,  of  the  lighter  bridge. 
The  saving  may  even  be  greater  than  this,  since  I  have  neglected 
any  reduction  in  the  weight  of  the  cross-girders  due  to  higher 
unit-strains.  These  two  examples  illustrate  the  great  economy 
produced  in  large  girders  by  adopting  high  unit-strains.  In 
place  of  the  weights  of  the  main  girders  being  in  the  inverse 
ratio  of  the  unit-strains,  as  might  be  supposed  at  first  sight,  we 
find  that  they  vary  in  a  much  higher  ratio,  at  least  in  large 
bridges  where  the  main  girders  form  a  large  proportion  of  the  total 
load  (69).  Economy  from  the  adoption  of  high  unit-strains  will  be 
chiefly  marked  in  the  flanges  and  tension  bracing,  owing  to  the 
necessity  of  having  a  certain  amount  of  material  to  stiflTen  the 
compression  bracing,  no  matter  how  high  the  ultimate  crushing 
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strength  of  the  material  may  be.  Even  a  better  method  of  rivetiiig 
or  jointing  may  produce  a  very  important  saving  in  a  large  girder, 
by  not  requiring  so  may  holes  in  the  tension  plates,  or  such  large 
covers  at  the  joints.  Mild  steel  plates,  which  are  now  manufactured 
at  a  cost  not  much  exceeding  that  of  the  better  kinds  of  iron,  but 
about  once  and  a  half  as  strong  as  the  latter,  will,  doubtless,  enable 
the  engineer  to  construct  girders  over  spans  which  have  been 
hitherto  impracticable.  The  tensile  strength  of  steel  is  known ;  it 
is  to  be  hoped  that  satisfactory  experiments  will  be  made  to  deter- 
mine its  stiffness,  that  is,  its  strength  to  resist  flexure  when  in  the 
form  of  long  pillars — an  essential  element  in  its  application  to 

girder-work  (483). 

503«  Suspension  principle  applicable  to  lavver  spans  than 
iplrders. — We  are  now  in  a  position  to  understand  how  suspension 
bridges  can  be  built  over  spans  far  exceeding  those  to  which  rigid 
girders  are  applicable,  for  not  only  are  there  no  compressive  strains 
in  the  webs  of  suspension  bridges,  but  the  compression  flange  of 
the  girder  is  superseded  by  land  chains,  and  the  structure  between 
the  piers  is  thus  relieved  of  the  weight  of  one  flange.  Moreover, 
the  material  used  is  generally  of  such  an  excellent  quality  that  it  is 
capable  of  sustaining  with  safety  a  higher  unit-strain  than  ordinaiy 
plate-iron  (496),  and  there  is  also  a  less  percentage  of  material 
required  for  the  joints  of  suspension  chains,  as  pins  passing  through 
eyes  in  the  ends  of  long  bar  links  supersede  the  ever-recurring 
rivets  of  plated  work  and  the  whole  intermediate  shank  of  the  link 
is  thus  available  for  tension  without  waste. 

Example  4. 
504.  Siniple-line  lattice  bridgre  400  feet  lony,  witli  in- 
creased deptli. — The  preceding  example  illustrates  the  great 
economy  effected  in  large  girders  by  the  adoption  of  high  unit- 
strains.  Let  us  now  examine  the  result  of  a  slight  increase  of 
depth,  all  the  other  dimensions  and  the  unit-strains  remaining  the 
same  as  in  Example  2,  but  in  place  of  the  depth  being  25  feet,  i.e., 
one-sixteenth  of  the  length,  let 

d  =  ,4  =  26-67  feet. 
15 
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Assuming  the  pennanent  bridge-load  to  be  1,190  tons,  we  have  the 
total  distributed  load, 

W  =  300  +  1190  =1490  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

ToDB.        Tons. 

rp,        ..      .      .        ,      .  1490x400 

Iheoretic    tension    bracincr  =  - — - — =-j-j  = 

°      4  X  5  X 144 

207  cubic  feet,  @  46  feet  per  ton,     -        -  450  |     ^g.^ 

Bivet  holes,  say  ^th  of  net  section,         -        -  11*2  ) 
Theoretic  compression  bracing  (=  |ths  of  the 

theoretic  tension  bracing),  -        -       '  -        -  56*2  |   -  ^^ 

Add  for  stiffening  the  same  as  in  Ex.  2,*       -  1208  ) 

rpu       ^-    .      •      11  1490x400x15 

Iheoretic  tension  flanire  =  -vh — i — n-r-  = 

®  12  X  5  X 144 

1034-7  cubic  feet,  @  4-6  feet  per  ton,  -  225*0  )    ^„qq 


rO  j 

rO) 


Rivet  holes,  say  Jth  of  net  section,-        -        -    45" 

Covers,  say  |th  of  flange, 33-7 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 281*2 

Covers,  say  Jth  of  flange, 35*1 

852*2 
Rivet  heads,  packings,  waste,  say  10  per  cent.,       -  85*2 

Iron  In  main  girdersi 9374 

Cross-girders,  as  in  Ex.  2, 72*0 

Cross-bracing,  do., 35*0 

Weight  of  Iron  botweon  end  pmars,  ...     10444 

Platform  rails,  sleepers,  and  ballast,  as  in  Ex.  2,      -        144*0 

Pormanont  teldg04oad  between  end  pUlarav  11884 

*  In  place  of  adding,  as  ninal,  twice  the  theoretic  amount  for  stiffemngf  yiz., 
2X56*2  =  112*4  torn,  I  have  asBiimed  that  this  example  reqnirea  the  same  quantity 
as  Ex.  2,  for  though  the  load  in  this  example  is  less,  yet  the  length  of  the  oompreanon 
bracing  is  greater  than  in  Ex.  2,  and  the  assumption  in  the  text,  therefore,  will 
be  probably  not  far  from  the  troth. 
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being  1'6  tons  lees  than  that  assumed.  If  the  four  end  piUars  and 
cross-girders  over  the  abutments  weigh  40  tons,  the  total  w«l|^ 
of  wronght-lron  in  the  bridge  =  1044*4+40  =  I084*4  tona. 

The  main  girders  in  this  example,  weighing  937*4  tons,  support 
themselves  and  552'6  tons  uniformly  distributed.  Consequently, 
each  ton  of  useful  load  uniformly  distributed  requires  for  its  support 

,-Q^^  =  1*7  tons  nearly  in  the  main  girders.    The  inch-strains  due 

to  the  permanent  bridge-load  of  1190  tons  between  end  pillars 

5x1190       ..       ^      .  ,4x1190      «^^  . 

=     -lAiia     =  ^  *^°®  tension,  and    ^  .q^     =  o'2  tons  compression. 

The  inch-strains  due  to  the  main  girders,  weighing  937*4  tons, 

5x937-4      «-.^       ^      .  ,4x937-4       ^ .-.  ^ 

=  — 1 . ,wv     =  3*14  tons  tension,  and  — .  . ....      =  2*52  tons  com- 

14^0  i4yu 

pression.      The  inch-strains  due  to  a  train-load  of  |  tons  per 

5x300 
running  foot  over  the  whole  bridge  =    ^  .q.>    =  1*0  ton  tension, 

,4x300      ^Q^ 
and    ,^Q      =  0*8  tons  compression. 

505.  Weights  of  larire  fflrtlers  do  not  Tary  inTersely  as 
their  deptb. — Comparing  this  with  Ex.  2,  the  saving  of  material 
in  the  mam  girders  =  1047  —  937*4  =  109*6  tons.  We  find 
therefore  that  the  weights  of  the  girders  in  these  two  examples 
are  inversely  as  the  1*7  power  of  the  depths,  but  this  particular 
proportion  is  accidental  (SM). 

Example  5. 

506.  Sinffle-ttiie  luttlee  bridge  480  feet  lony. — A  wrought- 

iron  lattice  bridge  for  a  single  line  of  railway,  480  feet  long  &om 

centre  to  centre  of  end  pillars,  30  feet  deep,  and  14  feet  wide 

between  main  girders*    Using  the  same  symbols  as  in  Ex.  1,  we 

have, 

I  =:  the  length  =  480  feet, 

cf  =  the  depth  =  ^^  =  30  feet, 

0  =  45^=  the  angle  the  diagonals  make  with  a  vertical  line, 

/=  5  tons  tensile  inch-strain  of  net  section, 

/^=  4  tons  compressive  inch-strain  of  gross  section. 


CHAP.  ZXIX.]        ESTIMATION  OF  GIHDEB-WOBE.  537 

Let  the  maximum  passing  load  =:  }  ton  per  running  foot  (4§9), 
and  assuming  that  the  permanent  bridge-load  weighs  2760  tons, 
we  have  the  total  distributed  load, 

W  =  360  +  2760  =  3120  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.  Tons. 

mu       ^'  ^      '     X.     '  8120x480      .«^ 

Theoretic  tension  bracmg  =  jTT-r-  "u .  =  520 

4  X  0  X  i.44 

cubic  feet,  @  4*6  feet  per  ton,    -        -        -  1130  |   i^i.o 
Rivet  holes,  say  ^th  of  net  section,         -        *    28'3  j 
Theoretic  compression  bracing  (  =  |th8  of  the 

theoretic  tension  bracing),  -        -        -        -  141*3  |  Aoa.q 

Add  twice  as  much  for  stiffening,*         -        -  282*6  j 

™        ^.   ^     .     /I  3120x480x16 

Theoretic  tension  flange  =     i2x5xl44    " 

2773*3  cubic  feet,  @  4*6  feet  per  ton,  -        -  6029  |  -gg. . 
Rivet  holes,  say  ]^th  of  net  section,         -        -  120*6  ) 

Covers,  say  Jth  of  flange, 90*4 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 753*6 

Covers,  say  ^th  of  flange^ 94*2 

22269 
Rivet  heads,  packings,  waste,  say  10  per  cent.,        -        222*7 

Iron  In  main  glrden, 2449-6 

Cross-girders  =:  480x0*18  tons  (445),  -        *        -  86  4 

Cross-bracing,t 50*4 

Weight  of  Iron  between  end  pOlan,  -  2586*4 

*  This  allowaaoe  for  rtiflPmiing  is  probftUy  ezoeBSiYe. 

t  The  quantity  of  croa»-bnciiig  is  proportioiiil  to  W2  (eq.  206),  where  W  repreMnts 
the  preSBore  of  the  wind  againBt  the  side  of  the  bridge ;  if  this  pressure  be  assumed 
proportional  to  the  prodnct  of  length  and  depth,  which  is  the  case  in  plate  girders^ 
the  quantity  of  cross4}racing  in  similar  girders  will  vazy  as  2*.  As,  however,  the  side 
surface  of  similar  lattice  girders  does  not  in  general  increase  so  rapidly  as  P,  and  as 
also  the  empirical  percentsges  are  lomewhat  less  in  large  than  in  small  bridges^  it  will 
probably  be  nearer  the  tmth  to  assmne  that  the  quantity  of  cross-bracing  is  proportional 
to  the  square  of  the  length.    If,  therefore,  a  bridge  400  feet  long  (Ex*  2,)  requires  85 

tons,  one  480  feet  long  will  require  86  X  ||  =  60*4  tons. 
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IXTatght  of  Iron  between  end  pmare,  -  2686"4 

Platform,  rails,  sleepers,  and  ballast,  =  480  X 

0-36  tons  (445), 172-8 


Permaoent  bridge-load  between  end  pillare,  2750"2 

being  0*8  less  than  that  assumed.    If  the  weight  of  the  four  pillars 

and  cross-girders  at  the  ends  be  assumed  equal  to   70  tons,  the 

total  weight  of  wronght-lron  in  the  bridge  will  equal  70  + 

2586-4  =  2656*4  tone. 

The  inch-strains  due  to  the  permanent  bridge-load  of  2760 

5  X  2760 
tons  between  end  pillars  are     o-i  ioci     ~  ^'^^  *^°*  tension,  and 

».  ^^     =  3*54  tons  compression.     The  inch-strains  due  to  the 

5x2449*6 
main  girders,  weighing  2449*9  tons,  are  — q,o^      =  3*92  tons 

4x2449*6 
tension,    and    — ttt^ —  =  3*14   tons    compression.    The  inch- 
strains  due  to  a  train-load  of  |  ton  per  running  foot  over  the  whole 

,   .,  5x360       r..»a^       *      •  ,4x360       n>ic* 

bndge  =    ^^^^    =  0*576  tons  tension,  and    o^oq    =  0*46  tons 

compression. 

507.  Waste  of  material   In    defeetlTe   designs. — In    this 

example,  2449*7  tons  of  iron  in  the  main  girders  support  themselves 

and  an  additional  load  of  670*4  tons  uniformly  distributed  over  the 

bridge.     Consequently,  each  ton  of  useful  load  requires  for  its 

24496 
support  ^„^  .    =  3*65  tons  of  iron  in  the  main  girders.     This 

illustrates  the  great  waste  of  material  produced  by  defective  designs 
for  large  bridges,  since  every  ton  of  iron  uselessly  added  involves 
the  necessity  of  adding  3*65  other  tons  for  its  support,  making 
collectively  upwards  of  4^  tons  which  might  be  saved  were  the 
design  skilfully  planned. 

Example  6.  , 

50§.  Single-line  lattice  bridge  480  feet  long^  as  in  Bx.  5, 
but  with  hlg^her  nnlt-sfralns. — A  wrought-iron  lattice  bridge  of 
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the  same  dimensions  as  the  last,  but  in  place  of  the  inch-strains 
being  5  and  4  tons  respectively, 

Let/  =  6  tons  tensile  inch-strain  of  net  section, 

/  =  5  tons  compressive  inch-strain  of  gross  section. 
Assuming  that  the  permanent  bridge-load  equals  1710  tons,  we 
have  the  total  distributed  load, 

W  =  360  +  1710  =  2070  tons. 
The  quantities  are  as  follows  (eq.  206,  208). 

Tons.  Tons. 

Theoretic    tension    bracing  =  f^^f??  = 

287-5  cubic  feet,  @  4-6  feet  per  ton,  -        -    62-5  |     -g  . 
Rivet  holes,  say  ^th  of  net  section,         -        -    15*6  ) 
Theoretic  compression  bracing  (  =  f  ths  of  the 

theoretic  tension  bracing),  -        -        -        -    75*0  )   qaa.a 

250) 


Add  three  times  as  much  for  stiffening,^         -  225 

2070x480x16 
X6x 


Theoretic  tension  flange  =  "I'^T^^vTzi""  ^ 


1533-3  cubic  feet,  @  46  feet  per  ton,          -  333*3  j  .^.q 
Rivet  holes,  say  }th  of  net  section,         -        -    66'7  ) 

Covers,  say  Jth  of  flange, 50-0 

Theoretic  compression  flange  (  z=  f  ths  of  the 

theoretic  tension  flange), 400*0 

Covers,  say  Jth  of  flange, 500 

1278-1 
Rivet  heads,  packings,  waste,  say  10  per  cent.,        •        127*8 

Iron  In  main  glrdeni X406*9 

Cross-girders,  as  in  last  example,    -        -        -        -  86*4 

Cross-bracing,  say, 45  0 

Welsbt  of  Iron  1)etwoen  end  pillarfl,   •  -     1537*3 

Platform,  ndls,  sleepers  and  ballflst,  as  in  last,         -        172*8 

Permanont  tirldg»-load  botwoon  ond  pillars,  1710*X 

being  0*1  ton  greater  than  that  assumed.    If  the  four  pillars  and 

*  See  note  to  Ex.  8,  p.  582. 
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cross-girders  at  the  ends  weigh  50  tons,  the  total  welgbt  of 

wrought-iron  in  the  bridge  will  equal  50  +  1537*3  =  1587-3 
tons. 

In  this  example,  the  main  ^ders,  weighing  1405*9  tons,  support 
themselves  and  an  additional  load  of  664*1  tons  uniformly  dis- 
tributed.   Consequently,  each  ton  of  useful  load  requires  for  its 

1405*9 
support  ^^ .  .    =  2*117  tons  in  the  main  girders.     The  inch- 

strains  due  to  the  permanent  bridge-load  of  1710  tons  between 

,    .„  6  X  1710       ,  o^  ^       ^     .  ,  5  X  1710       .  -  „ 

end  pillars  =    -oa-ta  —  =  496  tons  tension,  and  — aT^nri —  =  ^'13 

tons  compression.     The  inch-strains  due  to  the  main  girders, 
weighing  1405*9  tons,  are  —;^7y77i —  =  ^"08  tons  tension,  and 

— 9070 —  ~  ^^  ^^^^  compression.     The  inch-strains  due  to  a 
uniformly  distributed  train-load  of  |  ton  per  running  foot  over  the 

whole  bridge  are    arxjri   =  I'O^  ^^^^  tension,  and  -aryjif  =  0*87 

tons  compression. 

ft09.  CIreat  economy  firom  hl^  nnitHStrains  In  larse 
irlrderi. — The  economy  effected  in  large  girders  by  the  adoption 
of  high  unit-strains  is  very  marked  in  this  example.  Compared 
with  the  preceding  example,  the  saving  amounts  to  2656*4  — 
1587*3  =:  1069*1  tons,  or  nearly  68  per  cent,  of  the  lighter  bridge 
(50»5  67). 

Example  7. 

510.  Slnffle-llne  latHee  bridge  480  feet  Iodv,  mi  !■  Kx.  5^ 
bat  with  Increased  depth. — The  previous  example  illustrates  the 
great  economy  in  large  bridges  due  to  the  use  of  a  material  capable 
of  sustaining  high  unit-strains  with  safety.  We  shall  now  examine 
the  eifect  of  a  slight  increase  of  depth,  all  the  other  dimensions  and 
the  unit-strains  remaining  the  same  as  in  Ex.  5.  In  place  of  the 
depth  being  30  feet,  or  -^^th  of  the  length,  let 

d  =  /,  =  32  feet. 
15 
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Assaming  the  permanent  bridge-load  to  be  2435  tons,  we  have  the 
total  distributed  load, 

W  =  360  +  2435  =  2795  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Toub.        Tons. 

rpu       *•    *     •      k     •           2795  X  490 
Theoretic  tension  bracing  =  .       , pv-r  = 

4  X  V  X  144 

465-8  cubic  feet,  @  46  feet  per  ton,  -  -  101-3  ) 
Bivet  holes,  say  ^th  of  net  section,  -  -  25*3  ) 
Theoretic  compression  bracing  (  =  |ths  of  the 

theoretic  tension  bracing),  ...  1266  ) 

Add  for  stiffening  the  same  as  in  Ex.  5,*       -  282*6  j 

Theoretic  tension  flanife  =  — r^ = =-51  = 

^  12  X  5  X  154 


2329  cubic  feet,  ®  46  feet  per  ton,  -        -  506 \.  . 


13  J 


Kivet  holes,  say  ^th  of  net  section,         -        -  101 

Covers,  say  Jth  of  flange, 76*0 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 632*9 

Covers,  say  Jth  of  flange, 79*1 

1931-4 
Bivet  heads,  packings,  waste,  say  10  per  cent.,        -        1931 

Aron  In  main  glrdttra, 2124*5 

Cross-girders,  as  in  Ex.  5, 86'4 

Cross-bracing,       do., 50*4 

Weight  of  Iran  between  end  pillers,  •  22G1"3 

Platform,  rails,  sleepers  and  ballast,  as  in  Ex.  5,     -        172*8 

Permanent  bridge-load  between  end  pillars,      -     2434"! 

being  0*9  ton  less  than  that  assumed.    If  the  four  pillars  and 

cross-girders  at  the  ends  weigh  70  tons,  the  total  weiglit  of 

wrongbt-iron  in  the  bridge  will  equal  70  +  2261*3  =  283X'3  tons. 

The  main  girders,  weighing  2124*5  tons,  support  themselves  and 

*  See  note  to  Ex.  4^  p.  585. 
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670*5  tons  uniformlj  distributed.     Consequently,   each   ton   of 

2124'5 

useful  load  unif onnly  distributed  requires  for  its  support  -^fr^  = 

3*17  tons  in  the  main  girders.     The  inch-strains  due  to  the  per- 
manent bridge-load  of  2434  tons  between  end  pillaci  =  — atm —  = 

4  X  2434 
4'35  tons  tensioii,  and  --  -q,—  =  3'48  tons  compression*     The 

neb-strains  due  to  the  main  girders,  weighing  2124*5   tons  = 

5  X  2124-5       « Q  .        .      .  ,  4  X  2124*5       « ^,  ^ 

— onqE =  3*8  tons  tension,  and  — qjqK        =  ^'^  ^^^  com- 
pression.   The  inch-strains  due  to  a  train-load  of  |  ton  per  running 

5  X  360 
foot  over  the  whole  bridge  =     anqK     =  ^'^^  ^"^  tension,  and 

4  X  360      ^  --  . 

—hifKr-  =  0*51  tons  compression. 

511.  WHyhis  of  lurge  i^rders  do  not  wmrj  btTersclj'  ao 
their  depth. — Comparing  this  with  Ex.  5,  the  saving  effected  in 
the  main  girders  by  a  slight  increase  of  depth  =  2449*6  —  2124*5 
=  325'1  tons.  We  find  also  that  the  weights  of  the  girders  in 
these  two  examples  are  inversely  as  the  2*2  power  of  their  depths 

(505). 

Example  8. 

519.  Sinrle-line  lattice  bridge  600  feet  lony. — ^A  wrought- 

iron  bridge  for  a  single  line  of  railway,  600  feet  long  between 

centres  of  end  pillars,  37*5  feet  deep,  and  14  feet  wide  between 

main  girders.      Using  the  same  symbols  as  in  Ex.  1,  we  have, 

I  =  600  feet, 

d  =  ^  =  37-5  feet, 

e  =  45°, 

/  =  5  tons  tensile  inch-strain  of  net  section, 
f  =:  i  tons  compressive  inch-strain  of  gross  section. 
Let  the  maximum  passing  load  =  |  ton  per  running  foot,  and 
assuming  that  the  permanent  bridge-load  weighs  9100  tons,  we 
have  the  total  distributed  load, 

W  =  450  +  9100  =  9550  tons. 


1-6) 
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The  quantities  are  as  foUowt  (eqs.  206,  208). 

Tons.  Tons. 

rn.       ..      .      .         i_  •  9550x600 

Theoretic    tension    bracing  =  .     ,     ^^  = 

1989 6  cubic  feet,  @  4*6  feet  per  ton,        -  4325  |     -^^.g 
Bivet  holes,  say  ^th  of  net  section,       -        -  108*1  ) 
Theoretic  compression  bracing  (  =  |ths  of  the 

theoretio tension  bracing),         -        -        -  540^  -    iaqi.o 
Add  as  much  again  for  stiffening,*        -        -  540' 

rpu    -^   *     •     ii  9550x600x16 

Theoretic  tension  flange  =  —^, — = — , . .     = 

^  12  X  5  X 144 

10,611  cubic  feet,  @  46  feet  per  ton,         23067  )  27680 
Eivet  holes,  say  }th  of  net  section,       -        -  461-3  j 

Covers,  say  Jth  of  flange, 346*0 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 2883*4 

Covers,  say  |th  of  flange,     -----  360*8 

7980-0 
Bivet  hesjds,  packings,  waste,  say  10  per  cent.,      -  7980 

Zron  In  main  girders, 8778*0 

Cross-girders  =  600x018  tons  (445),         -        -  108*0 

Weight  of  Iron  between  end  pUlare,  8886-0 

Platform,  rails,  sleepers,  and  ballast  =  ^00  X 

0*36  tons  (445), 2160 

Pennnnent  bridge-load  between  end  pfllars,     -      91020 

being  2  tons  in  excess  of  thai  assumed.  No  allowance  has  been 
made  for  cross-bracing,  for  the  sectional  area  of  the  flanges  is  so 
great  that  they  would  probably  extend  over  the  whole  space 
between  the  main  girders  so  as  to  form  a  tubular  bridge,  and 
thus  supersede  the  usual  cross-bracing  formed  of  cross-girders 

•  The  qnantity  of  material  in  the  web  ib  bo  laige  ih«t  it  cm  be  thrown  into  a  f onn 
suitable  for  resisting  fleznre  without  maoh  extra  stiffening ;  I  have  therefore  added 
only  half  the  peroentage  for  stiffening  that  was  adopted  in  most  of  the  preceding  < 
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and  diagonal  tension  bars.  If  the  four  pillars  and  cross-girders 
at  the  ends  be  assumed  equal  to  200  tons,  the  total  welgbt  of 
wronght-lron  in  the  bridge  will  equal  200  +  8886  =  9O80  tosu. 
In  this  example,  8778  tons  of  iron  in  the  main  girders  support 
themselves  and  an  additional  load  of  772  tons  uniformly  dis- 
tributed over  the  bridge.    Consequently,  each  ton  of  useful  load 

8778 
requires  for  its  support  -^^  =  11*37  tons  of  iron  in  the  main 

girders.     The  inch-strains  due  to  the  permanent  bridge-load  of 

5  X  9100 
9100  tons  between  end  pillars  are     q,,^     =  4*76  tons  tension, 

and     ^^     =  8-81  tons  compression.    The  inch-stnuns  due  to 

the  mwn  girders,  weighing  8778  tons,  are     q>-^     =  4-6   tons 

A.  V  ftTTft 

tension,  and  q,  ..  =  3*67  tons  compresmon.  The  inch-strains 
due  to  a  train-load  of  f  ton  per  running  foot  over  the  whole  bridge 
=  Q-,^  =  0*235  tons  tension,  and  q^^^  =  0*188  tons  com- 
pression. 

Example  9. 
518.  Slnple-liiie  lattlee  bridge  600  feet  loiir»  as  In  Ex.  S, 
bat  with  hli^her  unUHitralDS. — A  wrought-iron  bridge  of  the 

same  dimensions  as  the  last,  but  in  place  of  the  inch-strains  being 
5  and  4  tons, 

Let  /  =  6  tons  tensile  inch-stnun  of  net  section, 

f  =  5  tons  compressive  inch-strain  of  gross  section. 
Assuming  that  the  permanent  bridge-load  =  3800  tons,  we  have 
the  total  distributed  load, 

W  =  450  4-  3800  =  4250  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.  Tons. 

rp,        r     ^     '       u     '  4250x600 

Theoretic    tension   bracmsc  =  -^ — 7; — ttt  = 

^      4x6x144 

737-8  cubic  feet,  @  46  feet  per  ton,  -        -  160*4  |     ^^ 

Kivet  holes,  say  ^th  of  net  section,       -        -    401  ) 
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Tons.  Tone. 


Theoretic  compression  bracing  (  =  f  ths  of  the 

theoretic  tension  bracing),         -        -        -  192 
Add  twice  as  much  for  stiffening,         -        -  385 

rp,        *•  X      •     /I  4250x600x16 

rheoretic  tension  nanse  =  — r-r — ^ — m —  = 

^  12x6x144 


92-5  ) 
85-0}     "^-5 


3935-2  cable  feet,  ®  46  feet  per  ton,       •  8555  , 


r5) 
•1  J 


Rivet  holes,  say  }th  of  net  section,       -        -  171 

Covers,  say  Jth  of  flange, 128'8 

Theoretic  compression  flange  (  =  }ths  of  the 

theoretic  tension  flange), 1026*6 

Covers,  say  |th  of  flange, 128*3 

.     3087-8 
Rivet  heads,  packings,  waste,  say  10  per  cent.,      -  308*8 

Iron  In  main  gtrders, 3396-6 

Cross-girders,  as  in  last  example,  ....  108*0 

Cross-bracing,* 78*8 

IXTolglit  of  Iron  betweon  ond  pmars,  3563*4 

Platform,  rails,  sleepers  and  baUast,  as  in  last 

example, 216*0 

Formanont  bridge-load  botwoon  ond  pUlars,    -       3700«4 

being  0*6  tons  less  than  that  assumed.    If  the  four  pillars  and 

cross-girders  at  the  ends  weigh  100  tons,  the  total  welgbt  of 

wronght-lron  in  the  bridge  will  equal  100  X  3583*4  =  3663-4  tons. 

In  this  example  the  main  girders,  weighing  3396*6  tons,  support 

themselves    and    an    additional    load   of   853*4   tons   uniformly 

distributed.    Consequently,  each  ton  of  useful  load  requires  for  its 

3396*6 
support  ^,o  .   =  3*98  tons  in  the  main  girders.    The  inch-strains 

due  to  the  permanent  bridge-load  of  3800  tons  between  end  pillars 

6x3800      .5^.        ,     .  ,5x3800      -  .-  . 

=       Q.^     =  5*36  tons  tension,  and      .^^^     =4*47  tons  com- 

*  Sde  note  to  EzAinple  5,  p.  537. 

2  N 
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pression.     The  inch-strains  due  to  the  main  girders,  weighing 

oQQ^  a  ^  6  X  3396-6       .  ^  .        ,      .  ,  5  X  33966 

o39o'6  tons,  are  — Tann —  =  ^'°  ^^^  tension,  and  — Aor^f\ —  ^^ 

4*0  tons  compression.     The  inch-strains  due  to  a  uniformly  dis- 
tributed train-load  of  |  ton  per  running  foot  over  the  whole  bridge 

6x450      ^^-  .        ,      .  ,5x450      n  kq  * 

=     .,>.^    =  0*64  tons  tension,  and     .,^,^    =  053  tons  compres- 
sion. 

514,  CIreat  eeonomy  fk*om  hlnrh  anitHirtralBB  in  very  lar^e 
iririlers. — The  economy  due  to  the  adoption  of  high  unit-strains 
in  girders  of  great  size,  whose  permanent  weight  forms  by  far  the 
larger  portion  of  the  total  load,  is  very  conspicuous  in  this  example. 
Compared  with  the  preceding  example,  the  saving  amounts  to 
9086  —  3683-4  =  54026  tons,  or  nearly  147  per  cent,  of  the 
lighter  bridge  (5005  500). 

Example  10. 

515.  filoi^le-line  lattice  brldre«  600  feet  loiiir»  ^^  In  Rx. 
§5  bat  irlth  InereaM^il  depth. — Let  us  now  examine  the  effect 
of  a  slightly  increased  proportion  of  depth  to  span.  In  Ex.  8,  the 
depth  is  -^^th  of  the  length;  let  the  proportion  now  be  ^^th,  and 
retaining  all  the  other  dimensions  and  imit-strains  as  before,  we  have, 

I  =  600  feet, 

d  =  r^  =  40  feet, 
Id 

e  =  45°, 

/  =  5  tons  tensile  inch-strain  of  net  section, 

/  =  4  tons  compressive  inch-strain  of  gross  section. 

Let  the  passing  load  equal  |  ton  per  running  foot,  and  assuming 

the  permanent  bridge-load  to  equal  6800  tons,  we  have  the  total 

distributed  load, 

W  =  450  +  6800  =  7250  tons. 

The  quantities  are  as  follows  (eqs.  206,  208). 

Tona.  Tons. 

Theoretic   tension   bracing  =  i — = — =-rr  = 

^      4x5x144 

1510-4  cubic  feet,  @  4-6  feet  per  ton,       -  328'4  ) 
Rivet  holes,  say  ith  of  net  section,       -        -    821)     *^®"* 
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Tons.         Tons. 

Theoretic  compression  bracing  (  =  fths  of  the 

theoretic  tension  bracing),         -        -        -  410'5  )      qki.i 

Add  for  stiffening  the  same  as  in  Ex.  8,*       -  5406  j 

™        .'    ^     '      n  7250x600x15 

Theoretic  tension  flange  =  — ,-s—  c—^tta —  = 

^  12x5x144 

75521  cubic  feet,  @  4  6  feet  per  ton,  1641-8  ) 

Rivet  holes,  say  }th  of  net  section,       -        -  328*4  j 
Covers,  say  Jth  of  the  flange,        ...        -  246*3 

Theoretic  compression  flange  (  =  f  ths  of  the 

theoretic  tension  flange),  -        -        -        -        •        2052*2 
Covers,  say  J^th  of  the  flange,       -        -        -        -  256*5 


5886-8 
Rivet  heads,  packings,  waste,  say  10  per  cent.,      -  588*7 


Iron  In  main  girdors, 6476*6 

Cross-girders,  as  in  Ex.  8, 1080 


Weight  of  Iron  between  end  pUlArsv  6683'6 

Platform,  ndls,  sleepers  and  ballast,  as  in  Ex.  8,  216*0 


Pemuuient  bridge-load  between  end  plllan,    -       6799"6 

being  0*5  tons  less  than  that  assumed.  If  the  four  pillars  and 
cross-girders  at  the  ends  weigh  160  tons,  the  total  weight  of 
wronght-lron  in  the  bridge  will  equal  160  +  6583*5  =  6743*6 
tone. 

The  main  girders,  weighing  6475*5  tons,  support  themselves 

and  774*5  tons  uniformly  distributed.  Consequently,  each  ton 
of   useflil    load   uniformly  distributed  requires  for  its  support 

-^.  g  =  8*36  tons  in  the  main  m'ders.     The  inch-strains  due 
7<4*5  ^ 

to  the  permanent  bridge-load  of  6800  tons  between  end  pillars 

5x6800       -.^^        ^      .  ,4x6800      « ..  ^ 

=  — ToTTT-  =  4*69  tons  tension,  and     ->,^     =  3*75  tons  com- 

*  See  note  to  Ex.  4,  p.  585. 
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pressioD.     The  inch-strains  due  to  the  main  girders,  weighing 

aA'7Kfi4r  5x6475-5       .  ..  ^        ^      .  ,4x6475-5 

64755  tons,  are  — =77^7^ —  =  4-47  tons  tension,  and  — -^^^ — 

72SOU  7Z0\} 

=  3'57  tons  compression.     The  inch-strains  due  to  a  uniformly 
distributed  train-load  of  |  ton  per  running  foot  over  the  whole 

bridge  are    „,.,..    =  0-31  tons  tension,  and  ij^iCcr  =  0*248  tons 

compression. 

ftlO.  Weights  of  Terjr  hurfge  girders  wary  iiiTereieljr  to  a 
hlirl^  ratio  to  their  depth. — ^From  this  example  we  see  that  veiy 
considerable  economy  is  effected  in  girders  of  great  size,  whose 
permanent  weight  forms  the  larger  portion  of  the  total  load,  by 
increasing  the  ratio  of  depth  to  length,  even  in  a  slight  degree. 
Compared  with  Example  8,  the  saving  in  the  main  girders  =  8778 
—  6475*5  =  2302*5  tons,  and  the  weights  of  these  girders  are  in- 
versely as  the  4*7  power  of  their  depths  (511). 


Example  11. 

517.  Coanterbraclnir  reqaired  fbr  passtoir  loads  eannot  be 
neglected  In  small  bridges — Stoirl^Un^  lattice  bridge  108 
feet  loDiT* — The  examples  given  in  the  preceding  pages  are  those 
of  large  bridges,  exceeding  250  feet  in  span,  in  which  the  per- 
manent bridge-load  forms  such  a  large  portion  of  the  total  load 
that  I  have  neglected  the  extra  material  required  for  counter- 
bracing  the  web  so  as  to  enable  it  to  meet  the  maximum  strains 
produced  by  the  passing  load  when  in  motion.  This  is  allowable, 
since  the  empirical  additions  for  stiffening  the  compression  bracing 
are  probably  in  excess  of  those  actually  required  in  large  girders. 
In  short  girders,  however,  it  is  necessary  to  make  some  allowance 
in  the  bracing  for  the  load  being  in  motion,  in  place  of  being 
uniformly  distributed,  and  there  is,  moreover,  a  greater  propor- 
tional waste  both  in  the  flanges  near  the  ends,  and  in  the  web  near 
the  centre,  than  in  large  girders  (^t7s  4S6).  Hence,  the  allowance 
for  waste,  &c.,  will  be  more  than  10  per  cent.  The  following 
example  of  a  wrought-iron  lattice  bridge  for  a  single  line  of  rail- 
way, 108  feet  long,  9  feet  deep,  and  14  feet  wide  between  main 
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girders,  will  illustrate  this.    Using  the  same  symbols  as  in  Ex.  1, 

we  have, 

I  =  108  feet, 

e  =  45^ 

/  =  5  tons  tensile  inch^strain  of  net  section, 
/'  =  4  tons  compressive  inch-strain  of  gross  section  in  the 
flanges,  and  3  tons  in  the  bracing  (499). 
Let  the  mazimum  passing  load  =  1*32  tons  per  running  foot  (490), 
and  assuming  that  the  permanent  bridge-load  =  105  tons,  we  have 
the  total  distributed  load, 

W=  143+105  =  248  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

^         ,.      ,       .         -^      .  248X108  TonB.         Ton.. 

Theoretic  tension   bracing    =  ^^,     , . ,  = 

9*3  cubic  feet,  ®  4*6  feet  per  ton,      -        -    202  ) 

.  r      2'69 

Rivet  holes,  say  |rd  of  net  section,         -        -       -67  j 

Theoretic  compression  bracing,  (  =  |rds  of  the 
theoretic  tension  bracing),  ...    3-37 

Add  twice  as  much  for  stifiening  and  counter-  ^  10*11 

bradng,     r 6*74 

rp.        ^-    *      •      /I  248x108x12 

Theoretic  tension  flange  =  -r-c — = — ^-rr-  = 

®  12x5x144 

37-2  cubic  feet,  ®  4*6  feet  per  ton,     -        -    809  , 

*^  '    1011 


} 


Rivet  holes,  say  ^th  of  net  section,         -        -    2*02 

Covers,  say  Jth  of  the  flange,*       ....  1-68 
Theoretic  compression  flange  (  =  |ths  of  the  . 

theoretic  tension  flange), 10*11 

Covers,  say  ^th  of  the  flange,         ....  1-68 

36*38 

Rivet  heads,  packings  and  waste,  say  25  per  cent.,  -  9*09 


Aron  In  maJn  glrd«n,  ...  '45Hk7 

*  In  large  giiden  it  ii  important  to  diminiah  the  dead  load  as  much  as  possible,  and 
it  is  therefore  worth  paying  extra  for  large  plMes  so  as  to  diminish  the  peroeotage  for 
ooyers.  T1us»  howsTer,  is  not  the  case  with  smaU  gliders ;  henoe^  the  percentage  of 
covers  is  larger  in  this  than  in  the  preceding  examples. 
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T<ms. 

Iron  In  main  girders, 45*47 

Cross-prders  =  108x0-18  tons  (445),  -        -        -        19-44 
Cross-bracing,  say, 1*00 

Iron  between  end  plllare, 65-91 

Platform,  rails,  sleepers  and  ballast  =  108x0*36 
tons  (445), 38-88 

Permanent  bridge-load  between  end  pillars,  104'79 

being  0-21  ton  less  than  that  assumed.  If  the  four  end  pillars 
weigh  1*5  ton,  the  total  weight  of  wronght-lron  in  the  bridge 
will  equal  65*91  +15  =  ^7*41  tons. 

In  this  example,  the  mwn  girders,  weighing  45*47  tons,  support 
themselves  and  an  additional  load  of  202*53  tons  imiformly  dis- 
tributed over  the  bridge.     Consequently,  each  ton  of  useful  load 

45*47 
uniformly  distributed  requires  for  its  support  ^.v^,-..  =  0*2245  tons 

of  iron  in  the  main  girders.     The  inch -strains  in  the  flanges,  due 

5x105 
to  the  permanent  bridge-load  of  105  tons,  are    ^.^     =  2*12  tons 

4x105 
tension  and     ^..^     =  1*7  tons  compression.    The  inch-strains  due 

5x45*47 
to  the  main  girders  alone,  weighing  45*47  tons,  are  — ^-p^ —  =  0*92 

4x45*47 
tons  tension,  and  — ^Tu"—  =  0*73  tons  compression.    The  inch- 
strains  in  the  flanges,  due  to  a  uniformly  distributed  train-load 
of   1*32    tons    per    running  foot   over    the    whole    bridge,  are 

5x143      ^Q^.        .      .  ,4x143      o„^ 

^.       =  2-8o  tons  tension,  and  —^lo—  =  2-3  tons  compression. 

518.  Error  in  assnmlng  the  permanent  load  anifbrmiy  dia- 
iribated  in  larye  grirders — Empirleal  percentages  open  to 
ImproTement. — In  the  foregoing  examples  it  has  been  tacitly 
assumed  that  the  weight  of  the  main  girders  is  uniformly  dis- 
tributed. This  is  erroneous,  because  there  is  a  preponderance  of 
material  in  the  flanges  at  the  centre.  It  is  true  that  the  amount  of 
bracing,  both  in  the  web  and  in  the  horizontal  bracing,  increases 
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towards  the  ends  and  thus  to  a  great  degree  compensates  for  the 
Tariation  of  section  in  the  flanges.  Still,  the  diflBculty  remains  in 
the  case  of  very  large  girders  whose  own  weight  forms  the  greater 
portion  of  the  total  load,  and  this  preponderance  of  flange  weight 
near  the  centre  is  the  chief  reason  why  single  girders  are  less 
economical  than  continuous  ones  when  the  span  is  very  great. 

The  empirical  percentages  adopted  in  the  foregoing  examples 
may  perhaps  be  objected  to,  and  it  must  be  confessed  that  they  are 
liable  both  to  criticism  and  to  correction  from  future  experience. 
I  have,  however,  made  the  most  of  the  few  recorded  facts  on  which 
dependence  can  be  placed,  and  would  here  suggest  to  my  brother 
engineers  that  they  should,  as  opportunity  occurs,  place  on  record 
in  a  tabular  form  the  detailed  weights  of  wrought-iron  and  steel 
girders,  in  order  that  this  branch  of  our  practice  may  attain  that 
amount  of  precision  that  such  statistical  information  alone  can 
supply.  In  furtherance  of  this  object  I  have  added  in  the 
Appendix  the  detailed  weights  of  the  Boyne  lattice  bridge,  which 
I  collected  when  Resident  there,  also  the  details  of  the  Conway 
tubular  plate  bridge  and  a  few  others.  The  examples  in  the 
present  chapter  indicate  the  direction  in  which  improvements  in 
constructive  detail  may  be  sought  with  most  prospect  of  success. 
In  very  large  girders  this  is  a  matter  of  great  importance,  for  even 
a  very  slight  diminution  of  any  of  the  empirical  percentages  may 
effect  a  large  amount  of  economy. 

519.  Fatlifoe  of  the  Material  ^preater  In  lonir  than  in  short 
hridyeA. — Though  the  maximum  unit-strains  may  be  the  same  in 
two  bridges,  one  long  and  the  other  short,  the  permanent  unit- 
strains,  that  is,  the  fatigue  of  the  material  from  the  permanent  load 
(490),  will  be  much  higher  in  the  bridge  of  great  span.  Thus,  com- 
paring Examples  2  and  11,  we  find  that  the  fatigue,  or  permanent 
inch-strains,  of  a  railway  bridge  400  feet  long,  are  4*06  tons  tension 
and  3*25  tons  compressicm,  while  the  corresponding  inch-strains 
of  a  bridge  108  feet  long,  are  2*12  tons  tension  and  1*7  tons 
compression.  If  iron  possessed  unlimited  viscidity,  that  is,  the 
property  of  slowly  and  continuously  changing  shape,  like  pitch, 
under  prolonged  strains  of  moderate  extent,  it  seems  reasonable  to 
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suppose  that  the  longer  bridge  would  fail  sooner  than  the  short  one, 
in  consequence  of  its  progressive  deflection  increasing  more  rapidlj. 
Experience  does  not  favour  this  hypothesis,  for  though  experiments 
render  it  probable  that  all  ductile  metals  will  change  shape  to 
an  unlimited  extent  under  enormous  pressure,  in  this  respect 
resembling  plastic  clay,  it  seems  equally  certain  that  no  continaous 
deformation  takes  place  in  structures  whose  unit-strains  are  kept 
well  within  the  limits  of  elasticity  (410).  Again,  it  is  conceivable, 
nay  probable,  that  severe  fatigue  (especially  if  aided  by  vibration), 
may  so  alter  the  constitution  of  iron  as  to  weaken  parts  in  tension, 
either  by  rendering  them  brittle  or  by  actuaUy  diminishing  their 
tensile  strength  (400).  If  this  were  the  case  within  the  limits  of 
strain  which  occur  in  practice,  the  longer  bridge  should  still  fail 
first.  If,  on  the  other  hand,  large  fluctuations  in  the  amount  of 
strain  affect  the  molecular  condition  of  iron  injuriously,  and 
produce  a  tendency  to  rupture,  then  the  short  bridge  should  fail 
sooner.  The  experiments  recorded  in  Chap.  XXVIII.  will  prevent 
anxiety  in  either  case  when  the  working  strains  do  not  exceed 
those  in  usual  practice  (491^  4n,  495). 

GIRDERS  UNDER  200  FEET  IN  LENGTH. 

HZO.  Flanges  nearly  equal  In  welirM  to  each  otlier»  aadi 
web  nearly  equal  In  welf^lit  to  one  flange. — ^When  an  iron 
lattice  girder  of  the  ordinary  proportions  of  length  to  depth  does 
not  exceed  200  feet  in*  span,  the  flanges  are  very  nearly  equal  in 
weight  to  each  other  (497),  and  the  weh  is  very  nearly  equal  in 
weight  to  one  flange.  Moreover,  the  quantity  of  material  in  the 
compression  flange  is  nearly  equal  to  its  theoretic  central  area 
multiplied  by  its  length ;  for  though,  in  correct  practice,  the  section 
of  the  flange  is  reduced  towards  the  ends,  it  so  happens  that  the 
empirical  allowance  for  covers,  rivet  heads,  packings  and  wdste, 
that  is,  the  difference  between  the  actual  and  the  theoretic  flange, 
is  closely  compensated  for  by  assuming  that  the  flange  carries  its 
theoretic  central  area  uniformly  throughout  the  whole  length. 
Hence,  we  have  the  following  empirical  formula  for  the  weight  of 
material  in  the  main  girders,  which  will  be  found  convenient  in 
practice. 
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0  =  1^'=  I  a/,  nearly.  (253) 

where  G  =  the  weight  of  the  main  girders  and  end  pillars  in  tons, 
a  =  the    theoretic    area   of    hoth   compression  flanges 

together  at  the  centre,  in  square  feet, 
/  =  the  length  in  feet, 
4'6  =  the  number  of  cubic  feet  of  wrought-iron  in  one  ton. 
For  girders  loaded  uniformly  we  have  (eq.  25), 

whence,  by  substitution  in  eq.  253, 

Q  =  jp  (254) 

where  W  =  the  total  distributed  load  in  tons,  including  the  weight 

of  the  girder, 
I  =  the  length  in  feet, 
d  =  the  depth  in  feet, 
/=  the  working  strain  in  tons  per  square  foot  of  gross 

section.* 

Ex.  In  Ex.  11,  for  instance,  Q  -=  ?^^i^^f?l?^^A  =  46*5  tons,  wUch  is  bat  very 
slightly  less  thsn  the  fonner  result. 

5M.  Aiider»oii'0  nde  —  Weli^hto  of  lattice  and  plate 
ifrdrni  onder  900  foet  Id  leai^li. — I  am  indebted  to  William 
Anderson,  Esq.,  for  the  following  simple  rule,  derivable  from  eq. 
254,  for  approximate  estimates  of  railway  bridges  under  200  ftct 
in  length,  whose  depth  is  -j^th  of  their  length,  and  whose  working 
inch-strains  are  5  tons  tension  and  4  tons  compression.  Multiply  the 
total  distributed  load  in  tons  by  4,  and  the  product  is  the  weight  of  the 
main  girders,  end  pillars  and  cross-bracing  in  lbs.  per  running  foot 

Ex.  1.  The  totid  distributed  load  in  Ex.  11  equals  248  tons;  hence,  4X248= 
992  As.  =  the  weight  of  main  girders,  end  pillars  and  cross-bradng  per  running  foot, 

and  their  total  weight  =  ^^^^  =  ^7*8  tons,  which  agrees  yeiy  closely  with  the 
fonner  result. 

*  The  reader  will  recollect  that  the  usual  tensile  working  strain  of  iron,  namely,  5 
tons  per  square  inch  of  net  section,  practically  requires  the  same  sectional  area  as  the 
usual  compicisive  workiiig  strain  of  4  tons  per  square  inch  of  grou  section  (497). 
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The  following  table  contains  the  weights  of  wrought-iron  lattice 
girders  for  railway  bridges  up  to  200  feet  in  length,  calculated  by 
the  foregoing  rule  for  the  three  diiferent  standard  working  loads 
described  in  490.  In  making  use  of  this  table,  the  reader  will 
bear  in  mind  the  following  conditions : — 

a.  The  working  strains  in  the  flanges  are  5  tons  per  square 
inch  of  net  section  for  tension,  and  4  tons  per  square  inch 
of  gross  section  for  compression, 
fc.  The  proportion  of  depth  to  length  =  jly. 

c.  The  dead  weight  of  cross-girders,  platform,  ballast,  sleepers, 

and  rails  =  0*54  tons  per  running  foot  of  single  line  (445). 

d.  The  weight  of  main  girders  for  a  double-line  bridge  is  twice 

that  given  in  the  table  for  a  single-line  bridge. 

e.  It  is  probable  that  the  weights  in  the  table  for  the  longer 

bridges,  say  above  140  feet,  are  rather  in  excess  of  truth, 
and  that  those  for  the  shorter  bridges,  say  under  60  feet, 
are  slightly  under  the  truth. 
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TABLE  I.— WOOHTB  OF  SIKOLB-LINB  WbOUOHT-IVON  LaTTIOI  BAHiWAT  GiRDBRB, 

TBI  DIFTH  BBINO    j^TH  OV  THB  LBNOTH. 


Length  of  bridge 

from  centre  to 
centre  of  beatings. 

Weight  of  Main  girders,  End  pillars,  and  Croas-bradng, 

when  the 

a  100- foot 

brldge=lton 

per  foot 

when  the 
standard  load  on 

a  100-foot 
bridge  =:Ii  ton 

per  foot. 

when  the 
standard  load  on 

a  lOO-foot 
bridge  =  1^  ton 

per  foot. 

feet. 

tons. 

tons. 

tons. 

12 

07 

0-8 

0*84 

16 

1-14 

1-86 

1*44 

24 

2-19 

2-59 

2-78 

82 

8-4 

4-0 

4-tfi 

40 

4-9 

6-8 

6-2 

60 

11-8 

18*4 

140 

80 

20-8 

24-8 

26-6 

100 

83-5 

890 

40-7 

120 

49-7 

57'6 

60-2 

140 

70-6 

80-8 

84-0 

160 

95-4 

108-2 

112-6 

180 

126-4 

141-6 

146-7 

200 

162-2 

180-0 

186-7 

Ex.  2.  What  is  tlie  weight  of  iron  required  for  a  single-line  lattice  girder  bridge, 
140  feet  long  between  bearings,  whose  depth  =&  11  feet  8  inches,  and  whose  working 
inch-strains  are  the  ordinary  ones  of  5  and  4  tons  tension  and  compression  respectively, 
the  standard  load  being  1|  tons  per  foot  on  a  lOO-foot  bridge  t  From  the  table  we  find 
that  the  weight  of  the  main  girders,  the  end  pillars  and  cross-bracing  equals  80-8  tons, 
adding  to  this  the  weight  of i  the  cross-girders,  supposed  8  feet  apart,  namely,  140  X  '18 
—  25*2  tons  (44ft),  we  have  the  total  weight  of  iron  =  105-5  tons. 

The  following  table  has  been  constructed  by  Mr.  Baker,  by 
taking  as  far  as  possible  tlie  weights  of  girders  actually  erected, 
calculating  missing  links  in  the  series,  rectifying  the  curves,  and 
interpolating.* 


*  Baker  on  the  Strength  of  Beami,  p.  819. 
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TABLE  IL— WEiaHTS  of  Weouoht-ibov  Plate  Gibderb,  the  depth  being  1-I0l2i 
of  the  length,  and  the  working  strain  4*5  tons  per  (gross  T)  square  inch  in  tension. 


feet. 

Load  in  cwt.  per  foot  mn  (exclmlye  of  the  wel^t  of  ttie  girderi). 

10 

u 

SO 

S6 

ao 

8fi 

40 

so 

60 

70 

80 

Weight  of  (Hrders  in  cwt. 

10 

5-6 

6-5 

7-4 

8-3 

9-2 

10-2 

11*0 

12*8 

14-6 

16*2 

17-5 

15 

100 

11-9 

13-5 

15-2 

16-7 

18-4 

20*2 

23-4 

26*4 

29-2 

820 

20 

17-8 

20-5 

23-4 

26-3 

290 

317 

34-5 

40*3 

45-6 

50*5 

55-5 

25 

26-6 

81-0 

35-4 

39-8 

44-2 

48*0 

52*0 

60*8 

68-6 

76-0 

88-5 

30 

3d 

44 

50 

56 

62 

68 

74 

86 

97 

108 

118 

35 

51 

58 

66 

74 

82 

89 

97 

118 

129 

145 

ItfO 

40 

65 

75 

85 

95 

105 

115 

125 

145 

166 

187 

209 

45 

82 

94 

106 

118 

180 

142 

154 

180 

207 

286 

264 

50 

101 

115 

130 

144 

159 

178 

188 

220 

254 

290 

825 

55 

118 

185 

152 

169 

187 

204 

222 

259 

298 

340 

882 

60 

138 

157 

177 

196 

217 

287 

258 

302 

848 

895 

441 

65 

159 

181 

204 

227 

251 

275 

298 

348 

400 

458 

507 

70 

198 

225 

258 

282 

812 

342 

372 

485 

500 

565 

630 

75 

228 

260 

292 

826 

860 

894 

429 

500 

575 

650 

72$ 

80 

258 

294 

831 

869 

407 

446 

484 

566 

650 

735 

822 

85 

291 

888 

875 

416 

460 

502 

546 

637 

782 

829 

928 

90 

826 

873 

420 

467 

515 

563 

612 

712 

818 

927 

1040 

95 

865 

417 

470 

523 

576 

630 

686 

800 

920 

1048 

1172 

100 

406 

464 

522 

581 

641 

701 

764 

892 

1028 

1167 

1810 

110 

495 

565 

686 

708 

780 

855 

980 

1090 

1260 

1480 

1610 

120 

,  595 

677 

762 

848 

984 

1020 

1112 

1305 

1510 

1720 

1940 

130 

705 

800 

900 

1000 

1100 

1200 

1810 

1540 

1780 

2000 

2800 

140 

828 

940 

1059 

1178 

1298 

1417 

1546 

1810 

2085 

2876 

2686 

150 

950 

1090 

1280 

1870 

1510 

1650 

1800 

2100 

2410 

2740 

8100 

160 

1095 

1255 

1414 

1574 

1732 

1896 

2066 

2415 

2782 

8172 

3585 

170 

1250 

1480 

1610 

1790 

1970 

2160 

2850 

2750 

8180 

3630 

4100 

180 

1426 

1626 

1826 

2086 

2240 

2450 

2670 

8140 

8630 

4180 

4670 

190 

1614 

1882 

2060 

2280 

2510 

2750 

8010 

3550 

4100 

4670 

6270 

200 

1810 

2050 

2300 

2550 

2800 

8070 

3370 

3980 

4600 

5280 

5900 
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Mt.  Weiffbto  of  0iiiiUar  iplrden  oDder  900  Teet  span 
¥ary  nearly  an  the  square  oftbelr  lenn^h — Wo  deflnlte  ratio 
existo  between  the  lengths  and  welyhts  or  very  larire 
H^lrdem. — ^An  analysis  of  the  foregoing  tables  shows  that  the  ratio 
of  the  weights  of  similar  railway  girders  from  40  to  200  feet  in 
length  vary  between  the  square  and  the  2*3  power  of  their  lengths 
(974).  In  Example  2,  the  main  girders,  400  feet  long,  weigh 
1047  tons,  and  in  Example  5,  a  similar  pair  of  main  girders,  480 
feet  long,  weigh  2449*6  tons.  These  weights  are  nearly  as  the  5th 
power  of  the  lengths.  Again,  comparing  Examples  3  and  6,  which 
differ  from  the  two  former  merely  in  having  higher  unit-strains, 
we  find  the  weights  of  the  main  girders,  which  are  713  tons  and 
1405*9  tons  respectively,  are  nearly  as  the  4th  power  of  the  lengths. 
These  comparisons  show  that  no  definite  ratio  exists  between  the 
lengths  and  weights  of  very  large  girders,  and  any  argument  based 
on  such  an  assumption  must  be  altogether  fallacious. 
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CHAPTER  XXX 

LIMITS  OF  LENGTH  OF  GIRDEBS. 

588.  Cast-lroD  n^lrdeni  In  one  pieee  rarely  exeee^  50  §tH 
in  lenipth — C^mpoand  i^rders  advisable  for  grreater  spaas  If 
east-iron  Is  ased. — Cast-iron  girders  in  one  piece  rarely  exceed 
50  feet  in  length,  though  this  is  by  no  means  the  possible  limit  of 
length  of  single  castings,  for  Mr.  Hawkshaw  has  employed  cast-iron 
in  single  girders  of  86  feet  span,*  and  Sir  Wm.  Fairbaim  mentions 
a  bridge  with  girders,  each  76  feet  long  in  one  casting,  that  were 
made  in  England  and  erected  on  the  Haarlem  Bailway  in  Holland-f 
When  cast-iron  girders  are  required  of  greater  length  than  40  or 
50  feet,  it  is  advisable  to  truss  them  with  wrought-iron,  as  cast- 
iron  is  ill-suited  for  resisting  tension  (851).  Disastrous  results 
have  sometimes  attended  the  use  of  compound  girders,  and  they 
acquired  a  very  bad  reputation  at  one  time,  but  the  fault  lay  not 
so  much  in  the  combination  of  the  two  materials  as  in  the  mode  of 
combination,  which  sometimes  betrayed  sad  ignorance  of  tbe 
elementary  principles  on  which  girders  should  be  constructed,  the 
depth  of  the  trussed  girder  having  Jbeen  in  some  instances  con- 
siderably less  at  the  centre  than  at  the  ends. 

584.  Praetlcal  llmU  of  leni^tli  of  wroofflit-lroB  i;irdcn 
witli  liorlsontal  flany es  does  not  exeeed  700  feet. — Vested 
interests  and  local  peculiarities  generally  determine  the  spans  of 
large  bridges  and  it  may  therefore  seem  useless  to  attempt 
solving  the  question,  "  What  is  the  practical  limit  of  length  of  a 
girder?"  Curiosity  on  this  subject  is,  however,  natural,  and  I 
may  therefore  claim  indulgence  for  devoting  a  short  space  i» 
investigating  a  question  which,  indeed,  is  not  altogether  devoid  of 

•  Proe,  Inst,  C.  E.,  Vol.  xiii.,  p.  474. 

f  On  the  Application  of  Iron  to  Bwlding  Purpotes^  p.  27. 
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practical  utility.  When  the  dimensions,  weight  and  unit-strains  of 
any  given  girder  are  known,  we  can  find  the  length  of  a  similar 
girder  which  will  barely  support  itself;  for  it  has  been  already 

shown  in  69,  that  if  the  weight  of  a  given  girder  equals  -th  of  its 

breaking  weight,  a  similar  girder  n  times  longer  will  just  break 
with  its  own  weight.  Thus,  in  the  first  example  in  the  previous 
chapter,  a  pair  of  girders  whose  depth  equak  1-1 2th  of  their  length, 
267  feet  long  and  weighing  335*44  tons,  sustain  from  their  own 
weight  1'64  tons  tension  and  l'3l  tons  compression  per  square 
inch;  supposing  the  tensile  and  compressive  strength  of  plate  iron 
to  be  20  tons  and  16  tons  per  square  inch  respectively,  these  work- 
ing stndns  are  equal  to  the  breaking  strains  divided  by  12*2. 
Hence,  a  similar  girder  12*2  times  longer,  or  3257  feet  in  length, 
will  just  break  down  from  its  own  weight.  Now,  the  length  of  a 
similar  girder,  whose  working  strains  are  only  one-fourth  of  its 

3257 
ultimate  strength  will  be  --j—  =  814  feet  nearly,  which  therefore 

is  the  extreme  possible  limit  of  an  iron  lattice  girder  whose  depth 

equals  l-12th  of  its  length,  whose  inch-strains  are  5  tons  tension  and 

4  tons  compression,  and  whose  empirical  percentages  are  similar  to 

those  in  the  first  example  of  the  preceding  chapter.    The  practical 

limit  is  of  course  far  short  of  this  and  probably  does  not  exceed 

650  feet. 

Again,  in  Ex.  4,  the  main  girders,  400  feet  long,  whose  depth 

equals  1-1 5th  of  their  length  and  which  weigh  937*4  tons, .  sustain 

3*14  tons  tension  and  2*52  tons  compression  per  square  inch  from 

their  own  weight.    As  these  strains  are  equal  to  the  ultimate 

strength  of  ordinary  plate  iron  divided  by  6*35,  a  similar  girder  6*35 

times  longer,  or  2540  feet  in  length,  will  just  break  down  from  its 

own  weight.     Hence,  the  length  of  a  similar  girder  whose  working 

strains  from  its  own  weight  are  l-4th  of  its  ultimate  strength 

2540  .        • 

will  be  — ^  -  =  635  feet,  which  therefore  is  the  limiting  length  of 

an  iron  lattice  girder  whose  length  equals  15  times  its  depth,  whose 
inch-strains  are  5  tons  tension  and  4  tons  compression,  and  whose 


560  LIMITS  OF  LENGTH  OF  OIBDEBB.        [CHAP.  XXX. 

empirical  percentages  are  similar  to  those  adopted  in  the  fourth 

example  of  the  preceding  chapter.    The  practical  limit  probably 

does  not  exceed  500  feet. 

Again,  in  Ex.  9,  the  main  girders,  600  feet  long,  whose  depth 

equals  L-16th  of  their  length  and  which  weigh  3396*6  tons,  sustain 

4*8  tons  tension  per  square  inch  from  their  own   weight.     This 

equals  the  ultimate  tensile  strength  of  ordinary  plate  iron  divided 

by  4*16 ;  hence,  a  similar  girder  416  times  longer,  or  2496  feet  in 

length,  will  just  break  down  from  its  own  weight,  and  the  length 

of  a  similar  girder  whose  working  tensile  inch-strain  from  its  own 

1         .         .  .         2496 

weight  is  6  tons,  or  »  ooq  of  its  ultimate  strength,  will  be  itqo^  = 

749  feet.  This  therefore  is  the  limiting  length  of  an  jron  lattice 
girder  whose  tensile  inch-strain  is  6  tons,  whose  depth  equals 
l-16th  of  the  length  and  whose  empirical  percentages  are  the  same 
as  those  adopted  in  Ex.  9  of  the  preceding  chapter.  The  practical 
limit  is,  doubtless,  below  600  feet. 

From  these  few  examples  we  may  reasonably  infer  that,  even 
with  the  most  carefiil  attention  to  proportion  and  economy,  the 
practical  limit  of  length  of  wrought-iron  girders  with  horizontal 
flanges  does  not  exceed  700  feet.  For  girders  of  greater  span  steel 
must  be  employed. 


•■^fliiiif^l^iJifS-i- 


}■ 


^:|lJ|i|»|fi'f*- 

S^^4Si  ■r'u^^^TH^t^^  foregoing  pages 
■"'^^^^Wi^'BjBfi^i  at  the  conclusion 

^^ilmW^^'^iSlI^'"' '""  *"  '^'° 

_,  -noCQ  'S^t^K^ttanv  tnuisTcne  strain. 

33%|^f^^^SI^I^JMl^ltluit  a  fotce  cannot 

^^^^iflb^b^>^^2^«^E£tdother  foice  whose 

^^^^^^^H^^Xh^ft2^e^*^!huB,  a  vertical  prea- 

'^^JtS^-|.''°'f'=l&^H*'l&'S^"^'^^&'®  flanges   without 

!^i^^'^%|^:l:a^b^^^^i^||!^in  the  web.    The 

^^|^i^-^"^$Si^^^i^'^^  conception  of  the 

l^'^sf^^P'SF*^''^^-^"  ofiered,  lioweyer, 

^^r^jr-g.  -jj.  .jj.  ^ . .« .  -5^.  .5.  .^. 

\ 

^^^^^^^^l^i^^^'l^^i^^^ticed  girder  whose 

^^l^^i^^CTi^^i^F^^®-     The  strain  in 
"™|iai«tf^|t^^i^J^5Jl|§il3B£!^^^^ig^^  throughout  its 

^^^^^^-i§i^~^$-^ii^^^°^  Btringen  are 
^N^Q|i^Sf  r'i^^bgBb^ana  next  the  flanges, 
p!^3£'^><^;(<^"C|^^Q^5ne  marked  e.      As 
E^f^li^P^^EEi^^riDger  will  become 
j^pi£9ll||^i|^>^  upper  flange  of  a 
^a|^gi^(C(^S^  the  flange  would 
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ti^i^i^^^^^lHiilM^-'^anit-Btnm  in  the  ebinger 

"^^^^ttlniH^^S'S-lthe  part  of  each  dtiigonal 

ffe*'^- Hl^lfi|*:||:'B:ffiq  of  a  cerbun   poitiaD   of 

IguBoompoDent  it  yields  up  to 

_J>S<.k^tiiDger8  attached  at  each 

bfaiga^fleus  above  and    below    the 

^Ittl3|:er  will  sustain  horizontal 

IB'-g^'i^'difitaDce  from  the  neutral 

^¥f|M ilfi'^H|l?t  fiCtCB  €9*cbe  other  band,  the  atrains 

^^i7Aff^]^^S^ll£*the    neutral    sur&ce   and 
i*  TJf  ^P-ttl*S'^f  1^  infect  nitio  of  their  distance 
~^ji^ii^J(3^the    atringers   are    all   of 
a'MtuUtf-  ja  "*"  mfl  'ZM"  zv  :^^SP^j*B'"''^  stnuns,  and  therefore 
I^MI  ijBSfa;.  tMBjSji^S^kfeS^^eiS'  or  in   girders  with   con> 
j  in  the  neighbourhood  of 
|'''U|^t^i'^p4l*B'^°"  are  nil,  while  they 
ra»|!&d  lower  edges  where  the 
ilEl^his  theory  agrees  with  an 
pr^nmel  on  a  single-webbed 
^gbga  and  10  feet  deep  at  the 
l^^iicli  plates  with  vertical  lap 
gi^f  ^ints  near  one  end  tearing 
|5  JtCfiSt  surface.* 


^r^r.5..^^j^ 


t|^-ggjth  a  oontiououB  web, 
^ ■-■a^B^^J^*  '°  *"  'ii'^ctiona, 

K^i^^^%ifS*^^^^  ^^  ^"  ^^ 

H^Ltt_B§aVliS9?£'.9.4erry'  point  along  their 

'ttV^i^^'S'^VBrfi^^^  *'*^  lattice  girder; 

<  n^fi^^l  kHtlg  '^^^iguQ  resolved  in  a 

|t^f  Jtl  3^(iiB\Jlia^|^zoDtal  and  ^agonal 

'  "  ^''iMfl^Alk^J'^^^''^^'^  except  those  in 

|#^Al6ttt^lQ<!Bon8  by  tneao8  of  the 

I  'l^jQN.M^fll  B fli  l>Q^  o(  maximum 

i1'M'^J9i4^@dS$B  ^^  viy  according 

'■g|l%%fe^^|l^ell  aa  the  flexibility 

:i^ifl|iB' ^W^&^^  instructive  experi- 

[=KI'l4^W*Sr^^^^l  girder  formed  by 

^^bt  rectangular  frame 

t^^^^t^if^^  end  pillars.     By  the 

int  verticals,  he  can 

I  very  conuderable 


t      a     ¥  ■£^%^.^(>$^^4^^iS*-S''^^^^'>  ^^*  particles 


't^Br|iS*rains  are  transmitted 
there  are  apparently 


ly  become  elongated 

[^i^oompreasion  at  right 

iSg^hile  horizontal  lines 

original  length,  as 


-sfeAa^si^^S 


•^».5((r.jjj.  .^.  .jjj.  _^_  .jj.  .^.  .jj.  ,jj(. 


^«)  is  a  large  tubular 
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Structure,  more  or  less  rectangular  in  sectioii,  underneath  which  the 
points  of  support  are  continuaUy  moving,  so  that,  when  the  waves 
are  high  and  far  apart,  the  deck  and  bottom  of  the  vessel  are 
alternately  extended  and  compressed  in  the  same  way  that  the 
flanges  of  a  continuous  girder  are  near  the  points  of  inflexion  when 
traversed  by  a  passing  train.  The  sides  of  a  ship  are  formed  of 
continuous  plating  with  vertical  frames  at  short  intervals,  and  form 
very  efficient  webs ;  the  bottom  also  is,  from  its  large  area,  fully 
adequate  to  its  duty  as  a  flange.  The  sides  and  bottom  flange 
of  the  girder  are  therefore  fully  developed,  but  the  upper  iron 
flange  is  sometimes  altogether  vranting,  or  else  sadly  out  of  pro- 
portion to  the  remainder  of  the  structure.  This  deficiency  is 
properly  remedied,  either  by  attaching  what  are  technically  called 
stringers  to  the  topsides,  or  better  still,  by  making  the  upper  deck 
entirely  of  iron  with  a  thin  sheeting  of  planks  resting  on  the  iron.* 
Deck  stringers  are  horizontal  plates  which  run  continuously  fore 
and  aft  beneath  the  planking  of  the  deck.  They  are  seldom  more 
than  3  or  4  feet  in  width,  but  in  some  few  cases  extend  as  far  as  the 
hatchways.  Similar  stringers  are  occasionally  riveted  to  the  sides 
underneath  each  of  the  lower  decks,  and  when  stringers  in  the 
same  plane  on  opposite  sides  of  the  sMp  are  connected  by  diagonal 
tension  braces,  the  latter,  in  conjunction  with  the  deck  beams,  form 
very  efficient  cross-bracing,  and  greatly  increase  the  strength  and 
stiffiiess  of  the  ship  when  labouring  in  a  heavy  sea.  Bulkheads  act 
as  gussets  or  diaphragms,  and  stifien  the  ship  transversely  by 
^preventing  any  racking  motion  from  taking  place  in  the  direction 
of  their  diagonals. 

599.  Iron  and  timber  combined  fbrm  a  ebeap  ipirder — 
Timber  sbonid  be  used  in  larye  pleees>  not  eat  up  into 
pianlu — Simpiieity  of  desiyn  most  desirable  In  fflrder^ 
work. — ^Within  certain  limits  of  length,  one  of  the  cheapest  forms 
of  girder  is  one  made  of  timber  in  compression  with  wrought-iron 
in  tension  (ISV^  Ml).  The  earlier  types  of  wooden  lattice  bridges 
had  little  or  no  iron  in  their  composition  and  were  characterized  by 

*  The  aathor  has  built  several  iron  ireseels  in  whicli  tar  asphalt  is  substitated  for 
the  timber  sheeting. 
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the  small  scantlings  of  the  parts,  the  closeness  of  the  latticing,  and 
in  many  cases,  a  want  of  stifihess  both  vertically  and  laterally. 
This  defect  was,  no  donbt,  often  due  to  insufficient  flange  area,  but 
may  also  be  attributed  to  the  small  size  of  the  scantlings,  and 
consequent  multiplicity  of  joints.  The  remedy  is  obvious.  Timber 
in  compression  should  be  used  in  bulk,  and  not  cut  up  into  thin 
planks.  Laminated  arches,  it  is  true,  are  an  apparent  exception  to 
this  rule,  but  in  reality  a  laminated  beam  possesses  the  aggregate 
section  of  its  component  parts  which  are  bound  together  so  that 
they  act  as  one  solid  piece.  Even  when  used  in  tension,  it  may  be 
doubtful  economy  to  use  several  thin  planks  where  one  of  larger 
section  would  suffice.  The  liability  to  decay  from  moisture 
lod^ng  in  the  numerous  joints  is  another  serious  objection  to 
close  timber  latticing,  though  this  is  sometimes  diminished  by  the 
protection  of  a  roof  extending  over  the  whole  bridge  (485). 

In  conclusion,  it  may  not  be  amiss  to  say  a  few  words  on 
designing  girders.  Simplicity  and  consequent  facility  of  construc- 
tion should  never  be  lost  sight  of.  Complicated  arrangements  are 
to  be  deprecated,  whether  designed  to  affect  some  saving  more 
apparent  than  real,  or,  as  one  is  sometimes  tempted  to  conjecture, 
from  a  craving  after  novelty.  The  various  parts  of  girder  work 
should,  as  much  as  possible,  be  repetitions  of  the  same  pattern, 
easily  put  together  and  accessible  for  preservation  or  repair.  Hence, 
as  a  rule,  closed  cells,  difficult  forgings,  curved  forms  where  straight 
ones  would  effect  the  object  equally  well,  and  a  great  variety  of 
sizes  to  meet  excessive  theoretic  refinement,  are  to  be  carefully 
avoided. 
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BOTNE  LATTICE  BRIDGE. 

598.  Qeneral  deseripiioii  and  detailed  wel^hto  of  iriider- 
work. — The  Boyne  Viaduct  carries  the  Dublin  and  Belfast 
Junction  Railway  across  the  valley  of  the  River  Boyne  near 
Drogheda,  and  consists  of  several  lofty  semi-circular  stone  arches 
on  the  land,  and  a  wrought-iron  lattice  bridge  in  three  spans  over 
the  water,  the  surface  of  which  is  about  90  feet  below  the  girders, 
so  that  vessels  of  considerable  tonnage  can  sail  beneath.  The 
girder-work  is  formed  of  two  lattice  double-webbed  main  girders, 
having  their  top  flanges  connected  by  cross-bracing,  and  the  lower 
flanges  connected  by  cross-girders  and  diagonal  ties,  so  as  collectively 
to  form  an  openwork  tubular  bridge  for  a  double  line  of  railway, 
as  shown  in  cross-section  in  Plate  lY.  Each  main  girder  is  a 
continuous  girder,  3  feet  wide  and  550  feet  4  inches  long,  in  three 
spans.  The  centre  span  is  267  feet  from  centre  to  centre  of 
bearings,  and  264  feet  long  between  bearings.  Each  side  span  is 
140  feet  11  inches  long  from  centre  to  centre  of  bearings,  and  138 
feet  8  inches  long  between  bearings.  The  flanges  are  horizontal 
throughout,  and  the  depth  of  girder,  measured  from  root  to  root  of 
angle  irons,  is  22  feet  3  inches,  or  l-12th  of  the  centre  span  and 

gTTTrth  of  each  side  span.    Each  of  the  terminal  pillars  is  18  inches 

broad  in  elevation  and  has  a  bearing  surface  of  3  X  1*5  =  4*5 
square  feet ;  each  of  the  pillars  at  the  ends  of  the  centre  span  is 
8  feet  broad  in  elevation  and  has  a  bearing  surface  of  3x3  =  9 
square  feet.  The  cross-girders  are  7  feet  5  inches  apart  from 
centre  to  centre  and  correspond  with  the  intersections  of  the  lattice 
bars,  which  are  placed  at  an  angle  of  45^  and  form  squares  of  5 
feet  3  inches  on  the  side.  The  quantities  of  material  in  the 
girder-work  are  as  follows : — 

*  For  further  deecriptioii,  see  Proe,  In$t,  0,S.,  Vol.  xir. ;  also,  Proe,  Intt,  C,E,  of 
Irdand,  YoL  iz. 
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TABLE  L— Wkioht  or  wbouoht-ibon  in  eaoh  vnm  Spai;  140  rtar  11  ih< 

BETWEBN  OBVTU  OP  BXiLSnrOB  ASI}  80  FIBT  WIDB  FBOK  OUT  TO  OUT. 


Two  TOP  Flahobs. 


Plates  and  angle  iron, 
Covera, 
Packings,     - 
Bivet  heads, 


Two  BOTTOM  Flanges. 


Plates  and  angle  iron, 
CoTers, 
PaddngB,     - 
Bivet  heads, 


Two  DOUBLB-LATTIOED  WbBB. 


Tension  diagonals,  - 

GompresBion  do., 

Rivet  heads  at  intersections, 


CBOfiB-BRAOISrO. 


6  lattice  cross-girders  connecting  top  flanges,         ... 

Horizontal  diagonal  tension  bars  (top  and  bottom)  and  a  longitu- 
dinal angle  iron  stiffener  along  the  centre  at  top, 

Bivet  heads,  ....... 


CB088-OIBDXB8. 

18  lattice  road-girden,  including  end  gussets^ 

ZPOU  lvOwVirO0IE  Otto  INSlJUrBB 

Platform  planking,  .... 
Longitudinal  sleepers  (double  line), 
Kails  and  joint  plates  (Barlow's),    - 


Tons.        Tooa. 

27-i5 

8-57 

89«8i 

6-38 

2*44 


2710 
S'84 
6-40 
2-25 


10*96 

27-70 

0-18 


8-70 

5-86 
0*10 


29-40 
2-45 
8-56 


Permaneiit  load  on  one  ilde  ipan,   - 

equal  to  1*86  tons  per  running  foot  for  the  double  line. 


89-59 


88-79 


9*16 


23*72 


m^o 


40*41 


191-M 
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TABLE  IL— Wbioht  of  wbouobt-ibov  zv  the  outtbi  Spait,  267  nm  vnwwEg 

CKNTBI8  or  BKABTNOS  AND  80  nST  WIDI  FBOM  OUT  TO  OUT. 


Two  TOP  Flavois. 


PUtes  And  angle  iron, 
Coven,    - 
Packingi, 
Rivet  heada, 


Two  BOTTOM  FLANGIS. 


Plates  and  angle  iron, 
Coven,    • 
PaddngB, 
Bivet  heads, 


Two  DOUBLB-LATTIOXD  WIB8. 

Tension  diagonals,  ..... 

CompreoBion  do.,  ..... 

Bivet  heads  at  inteneciions,        .  .  .  . 


Cboss-bbaciko. 

11  lattioe  croes-girden  connecting  top  flanges, 

Horixontal  diagonal  tension  ban  (top  and  bottom)  and  alongita- 
dinal  angle-iron  stiffener  along  the  centre  at  top, 


Bivet  heads. 


CBO8S-0IBDIBS. 
85  lattioe  road-girden,  indnding  end  gussets. 


Platform  planking. 

Longitudinal  deepen  (doable  line). 

Bails  and  joint  plates  (Barlow's), 


lent  UMd  on  centre  epen.   - 

eqnal  to  1*64  tons  per  running  foot  for  the  double  line; 


Tons. 
79-09 

9-88 
11-83 

5*18 


8219 
9-85 

11-90 
518 


80*80 
51*76 


*25 


6-77 

10*69 
•20 


Tons. 


105-48 


109-12 


82*81 


17-66 


4618 


55-57 

4*62 

« 

16-20 


3ei-20 


76-89 


437*69 
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TABLE  IIL— Weioht  or  wbouoht-ibov  in  thb  Pillabb  aivd   Cboab-oibdbbs 

OTBB  SUPPOBTa 


Pillabb^  &a,  oyeb  bach  Lavd  Abotmbbt. 

Tons. 

Tods. 

2  tenninal  pillara  at  end  of  one  side  span,           ... 

6*38 

1  lattice  croBS-girder  connecting  heads  of  pillars, 

8-40 

18-28 

1  lattice  cross-girder  and  gussets  connecting  feet  of  pillars, 

S-45 

PiLLABS,  &0.,  OYBB  SOUTH  BlVBB  PlBB.* 

2  pillars  at  south  end  of  centre  span,       .... 

15-80 

1  lattice  cross-girder  connecting  heads  of  pillars, 
1  lattice  cross-girder  connecting  feet  of  pillars,    • 

5-24 
1-09 

24-06 

2  gossets  between  pillars  and  pier,           .... 

2-48 

PiLLABS,  kC,  OVBB  BOBTH  BlVBB  PiBB. 

2  pillars  at  north  end  of  centre  span,       .... 

15-80 

1  lattice  cross-girder  connecting  heads  of  pillars, 

5-24 

25-56 

I 

1  lattice  cross-girder  connecting  feet  of  pillars,   - 

5-02 

1 

TABLE   IV.— SUMUABT  of  WBOUOHT-IBOir. 


Tons. 

One  side  span,       --....-.  151  -lo 

Second    do.,          .---.-..  151-10 

Centre  span,           ...-..--  861-20 

Pillars,  &C.,  over  one  land  abutment,         .....  18-23 

Do.        „     second        do.     -            -            -            -           -            -  13-28 

Do.        „    south  river  pier,              .....  24*06 

Do.        „     north  river  pier,             .....  25*56 

Total  welglit  off  wrougbMron  in  the  3  spans,                                   -  739*48 
550  feet  4  inches  in  total  length,  equal  to  1*344  tons  per  running  foot  for 
the  double  line  of  railway. 


*  The  pillars  are  firmly  secured  to  this  pier ;  rollers  are  used  on  the  north  pier  and 
on  both  abutments. 
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TABLE  v.— WnoHT  or  Soui-PLATB»  BoLLtRS  aitd  Wall-pIiATUl 


OviB  TWO  Abutmiiits.  Todb. 

4  planed  cast-iron  Bole-platos  rivetod  to  feet  of  pillan,   -  — 

4  planed  oast-lion  wall-plates  resting  on  the  masonry,    -  2 

2  sets  of  4-inclk  wroaght-iron  rollers  and  frames  over  the 

north  abutment,          -           •           -           •           •  — 

2  sets  of  44-inch  wronght-iron  rollers  and  frames  over 

the  sooth  abntmenti    •           -                       -           •  — 


OviB  SOUTH  BlVEB  POB* 

2  oast-iron  sole-plates  riveted  to  feet  of  piUars,  -  -    —        19 

2  cast-iron  wall-plates  resting  on  the  masoniy,    •  -      5  4 

Otib  hoeth  Rnm  Pub. 

2  planed  cast-iron  sole-j^tes  riyeted  to  feet  of  pillars,  -    — 

2  planed  cast  iron  wall-plates  resting  on  the  masonry,  4 

2  sets  of  6-inch  chilled  oast-iron  rollers  and  wrooght-iron 
frames,  •  -      1 


cwts. 

qrs. 

lbs. 

17 

2 

16 

11 

0 

0 

10 

2 

0 

12 

2 

26 

12 


ToUl 


»U1  w<eiflit 

WRll^plMMt 


it  Of  lalfripteti,  ronem  and 


19 
18 

15 

8 


0 
0 

0 

1 


12 
16 

16 
14 


599*  WorklBir  «traim  and  area  of  llaii|pe«. — The  Btrains 
produced  by  the  permanent  bridge-load,  plus  one  ton  of  train-load 
per  running  foot  on  each  line  of  way,  do  not  exceed  5  tons  tension 
per  square  inch  of  net  area,  i,e.<,  after  deducting  the  rivet  holes,  and 
4  tons  compression  per  square  inch  of  gross  area.  The  gross 
sectional  area  of  the  top  flange  of  each  main  ^rder  in  the  centre 
of  the  centre  span  =  113*5  square  inches;  the  gross  area  of  the 
bottom  flange  at  the  same  place  =  127  square  inches,  and  its  net 
area  =  99  square  inches;  over  the  piers,  between  the  centre  and 
side  spans,  the  gross  area  of  the  top  flange  of  each  main  ^rder 
=  132*6  square  inches, and  its  net  area  =:  103*4  square  inches;  the 
gross  area  of  the  bottom  flange  at  the  same  place  =  127  square 
inches.  At  the  points  of  inflexion  in  the  centre  span,  about  40 
feet  from  the  piers  measured  towards  the  centre  of  the  bridge,  the 
gross  area  of  each  flange  =  68*5  square  inches. 


6  ii!*a'a'c<«>'">™-  ["'■ 

^SlallH||tSCS'@oS&i  b;  the  method  eipUined 

Iff!!?!-"    -"'■"''"' 


,|jHllH*ilii.|||y*)'B  iflp'ni'iii.  and  o  and  o'  the  pmnta 

iipi:i^:;|^i;ariy, 

—  "-•8::t:sSs;:|e 

^^e^^'95  Dearly, 

.»■¥# 

,   ,^  ^  ^^fbo^Dn  either  side  span, 
•^^KSBlraffiQ^)^49ai^^3t^2)n  the  centre  span, 
~"  ^  '  '  !iipH**S*Pie°t,  A  or  D, 
^M^^]^C^ii^^%^B  or  a 

^M'^^'^aT^^^^'i^Z*!?  ^'^'^  both  dde  epana  and  the 

"""     "^^Srw'lliS^'^ich  <*«.  aMnming  that  the 

||^l^|i}^^Sg^lii|Dt^4ie  ton  per  rmnung  foot  on 

^$  iS  S""!'  -*-  '^'  'S- 
'";^^^^*^JRt  1-64  tons. 

^'^'b'*^*^^^^'^^""'"^  ''°  ^^  points  of 
^^^Ie  V%^>      '^>  =  523  tons. 
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The  positions  of  the  points  of  inflexion,  obtained  from  equations 
185  and  186,  are  as  follows: — 

Ao  =  101*2  feet.        Bo'  =  53-2  feet. 
The  strain  in  each  of  the  four  flanges  midway  between  A  and  o, 
t.«.,  in  the  centre  of  the  first  segment,  is  96*6  tons  (eq.  25). 

Case  2. 

5S9.  HaxiaiiiBi  0tndBfi  te  the  flanges  of  the  eentre  Biian. — 

These  occur  when  the  passing  load  covers  the  centre  span  alone, 

in  which  case, 

w  =  1*36  tons  and  w'  =  3*64  tons. 

The  pressures  on  the  points  of  support  are  as  follows: — 

Ri  =  —  24-6  tons.  R,  =  704  tons. 

Ri  being  negative,  signifies  that  a  load  of  24*6  tons  is  required  at 

each  end  to  prevent  the  girder  from  rising  ofi^  the  abutments  (M4), 

and  this  was  actually  the  case  when  the  bridge  was  proved  with 

one  ton  per  running  foot  on  each  line  of  the  centre  span,  the  side 

spans  being  unloaded.    The  girder  was  temporarily  tied  down  to 

the  abutments  by  bolts  secured  to  the  masonry,  but  the  bolts  drew 

out  and  the  ends  of  the  girder  rose  more  than  an  inch  above  their 

normal  position  on  the  rollers.    The  weight  of  a  locomotive  at 

each  end,  however,  soon  brought  them  down  again.    With  the 

lighter  working  loads  which  occur  in  practice  this  rising  off  the 

abutments  does  not  occur.    The  position  of  the  points  of  inflexion 

in  the  central  span  is  as  follows : — 

Bo'  =  40-3  feet, 

and  the  strain  in  each  of  the  four  flanges  in  the  centre  at  Q  =  355 

tons  (eq.  25).    At  this  place  the  net  area  of  each  lower  flange  =  99 

355 
square  inches  and  the  tensile  inch-strain  therefore  =  -^  =  3'6 

tons. 

Case  3. 

• 

5U.  HaxImaHi  straisft  %m  the  fflani^s  over  the  plem. — The 

maximum  strains  over  a  pier  occur  when  the  centre  span  and  the 
adjacent  side  span  are  loaded,  and  the  remote  side  span  is  unloaded. 
We  have,  however,  no  formula  for  this  condition  of  load,  but  we 
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have  a  close  approximation  to  it  when  the  passing  load  covers  all 
three  spans  (955),  in  which  case, 

to  =  3*36  tons  and  w'  =  3*64  tons. 
The  pressures  on  the  points  of  support  are  as  follows: — 

R,  =  107  tons.  R,  =  853  tons. 

The  positions  of  the  points  of  inflexion  are  as  follows  (eqs.  185 
and  186);— 

Ao  =  63-4  feet.  Bo'  =  44*7  feet. 

The  strain  in  each  of  the  four  flanges  .over  the  piers  =  406'4  tons 

(eq.  12).     The  net  area  of  each  upper  flange  at  this  place  =  103-4 

406*4 
square  inches  and  the  tensile  inch-strain  therefore  =  ^^»  .  =  3*93 

tons. 

554.  Polnto  of  inflexion  fixed  praetieaily — ^Hefleciion — 
Camber. — The  points  of  contrary  flexure  in  the  centre  span  were 
practically  fixed  in  the  manner  described  in  950.  Two  joints  in 
the  upper  flange,  170  feet  apart  and  equi-distant  from  the  piers, 
were  selected  for  section.  The  rivets  were  cut  out  and  drifts  tem- 
porarily inserted  in  their  place.  These  drifts  were  then  cautiouslj 
struck  out  with  a  light  hammer,  and  a  slight  closing  of  the  joints 
proved  that  a  certain  amount  of  compression  had  previously  existed 
in  place  of  perfect  freedom  from  strain.  The  extreme  ends  of  the 
side  spans  were  then  lowered,  one  an  inch,  the  other  half  an  inch, 
which  caused  the  joints  to  open  about  ^:^th  of  an  inch.  In  this 
condition  it  was  obvious  that  no  strain  was  transmitted  through 
the  joints,  and  they  were  then  finally  riveted  up,  the  altered 
levels  of  the  extreme  ends  of  the  side  spans  being  maintained 
by  rollers  of  the  proper  diameter  placed  beneath  the  terminal 
pillars.  Tables  VI.  and  VII.  contain  the  deflections  produced  by 
various  conditions  of  load  during  the  first,  or  Engineer*s  testing, 
and  the  second,  or  official  testing  of  the  bridge  by  the  Government 
Inspector  (409). 


[app- 
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Each  span  was  built  on  the  platform  with  a  camber  in  order  that 
the  sky-line  might  be  nearly  horizontal  when  the  bridge  was  finished 
(458).  The  camber  at  the  centre  of  the  centre  span  at  different 
periods  was  as  follows: — 

TABLE  YIII.^Oambbb  at  ointbi  or  thi  cintbi  spav. 


Inohes. 
I>iiri]ig  oonrtraction  on  the  pUtfoniiy  .....    s-43 

After  wedgee  were  Btnidk  and  bridge  WBB  aelf-mipfxnting,                             -  1*56 

After  fixing  pointa  of  inflexion  and  lowering  the  ends  of  the  aide  spam,       •>  1*80 

After  the  second,  or  official  testing  of  the  bridge,       ....  0*84 

After  four  months' traffic,      .......  0*90 


5t5«  Bxpertmeats  on  the  straivlh  of  braced  plUank — 

The  following  experiments  were  made  at  the  Boyne  Viaduct  in 
1854,  to  determine  the  strength  of  one  of  the  compression  diagonals 
of  the  web  which  were  made  of  flat  bar  iron  similar  to  the  tension 
diagonals,  but  with  the  addition  of  internal  angle  irons  and  cross- 
bracing  riveted  between  them  as  already  described  in  S4].  The 
theory  of  braced  pillars  was  then  imperfectly  understood,  and 
it  was  determined  to  test  by  direct  experiment  whether  this 
arrangement  of  internal  cross-bracing  would  enable  a  bar,  thin  in 
proportion  to  its  length,  to  sustain  an  endlong  pressure  like  a  pillar, 
such  as  the  compression  diagonak  should  sustain  in  the  bridge. 
Accordingly,  the  following  experiments  were  made  on  one  of  the 
smaller  compression  diagonals  which  occur  near  the  centre  of  the 
centre  span,  the  author  being  present  and  recording  the  results. 

EXPEBIMBNT  1. 

The  first  experimental  pillar  resemlled  Fig.  1,  Plate  V.,  in  every 
respect,  except  the  lower  portion,  which  was  formed  as  shown  in 
Fig.  4.  This  pillar,  which  was  81'  6''  in  length  with  4"  x  f "  side 
bars,  was  erected  in  the  midst  of  some  timber  scaffolding  which  had 
been  used  for  a  stone  hoist.  The  testing  weight  was  suspended 
below  the  wooden  filming  on  which  the  pillar  stood  by  long  sus- 
pender rods  which  were  attached  to  cross  pieces  of  timber  resting 

2  p 
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on  the  top  of  the  pillar  (see  Figs.  2  and  3).  By  this  anangement 
the  pteesare  was  made  to  pass  more  accmtitely  through  the  axis  of 
the  pillar  than  if  the  testing  weight  had  been  heaped  up  on  top;  it 
was  also  more  convenient  to  load  at  the  lower  level.  Croes  ban 
/,/,/,  were  attached  to  the  sides  at  the  same  intervals  as  the  latticing 
in  the  main  girders,  and  were  connected  at  their  ends  to  the  scaffold- 
ing, so  as  to  represent  the  tension  diagonals  in  the  bridge ;  and  here 
I  may  agun  remind  the  reader  that  the  chief  advantage  of  a  multiple 
over  a  single  system  of  triangulation  consists  in  the  more  fireqnent 
support  given  by  the  tension  bars  to  those  in  compression,  as  well 
as  by  both  to  the  flanges;  the  parts  in  compression  are  in  fict 
subdivided  into  short  pillars,  and  thus  prevented  from  deflecting  in 
the  plane  of  the  girder  (158).  A  cord  was  stretched  vertically,  in 
order  to  get  the  lateral  deflections  during  the  experiment.  These 
were  taken  at  three  points,  A,  B,  C,  Fig.  1,  and  the  symbols  + 
or  —  placed  before  a  deflection  in  the  table  ugnifies  that  it  was  in 
the  direction  of  the  same  sign  engraved  at  the  sides  of  the  figure. 


TABLE  IX. — ^Lathbal  DETLEcnoirB  of  a  bsackd  PnxAB. 


Date. 

Tons. 

A. 

B. 

0. 

RSXAXKB. 

1854. 

inches. 

inches. 

inches. 

Nov.  1« 

6 

+  0-03 

+  0-05 

-f-0-08 

1, 

10 

00 

0-0 

+  0-05 

II 

15 

0-08 

+  0-03 

+  0-05 

t> 

20 

—  0-05 

0-0 

00 

,1 

25 

—  005 

0-0 

00 

J9 

80 

0-05 

—  0-03 

—  0-04 

n 

374 

—  0-06 

—  007 

—  0-06 

r» 

40 

—  0-05 

—  0-01 

—  0-05 

With  40  tons,  the  side  h«r  at  a.  Fig. 
4,  bent  slightly  at  right  angles  to 
the  plane  of  the  figure.  The  deflec- 
tion at  B  seems  anomalous;  probably 
a  mistake  for  0*10. 

>» 

42* 

010 

0-10 

—  0-18 

With  424  tons,  the  lower  part  of  the 
pillar  at  6,  b,  became  idigfatly  carved, 
with  the  convex  side  towaids  the 
—  side. 

Nov.  17 

424 

—  0-10 

—  010 

—  0-13 

Left  on  all  night ;  no  change  in  the 
moniing. 

fi 

45 

—  0-10 

—  0-15 

-0-16 

n 

474 

... 

... 

■•• 

The  side  bars  gave  way,  as  shown  in 
Fig.  5. 

Looking  at  Fig.  4,  it  will  be  seen  that  about  8  inches  in  length 
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of  each  side  bar  near  the  ends  of  the  pillar  were  left  without  internal 
angle  iron,  and  when  the  weight  amounted  to  47^  tons,  this  part 
yielded  sideways,  as  shown  in  Fig.  5.  The  area  of  the  two  side- 
bars at  the  part  which  failed  amounted  to  5  square  inches ;  con- 
sequently, the  compressive  strain  which  passed  through  them  at 
the  moment  of  yielding  equalled  9^  tons  per  square  inch. 

Experiment  2. 

• 

The  pillar  in  the  first  experiment  failed,  as  indeed  had  been 
anticipated,  by  the  upper  part  moving  sideways  past  the  lower,  as 
if  connected  to  it  by  hinges.  The  pillar  was  taken  down,  the 
injured  part  removed,  and  the  length  thus  reduced  to  28'  6'^  The 
repaired  pillar.  Fig.  1,  was  then  replaced  within  the  scaffolding  and 
the  following  table  contains  the  observations  recorded,  which  include 
the  contraction  in  length  of  each  side  under  compressive  strain. 
These  latter  observations  were  made  by  the  aid  of  wooden  rods 
suspended  at  each  side  from  near  the  top  of  the  pillar.  Each  rod 
was  24'  8^^'  in  length  from  the  point  of  suspension  to  the  index  at 
the  lower  end,  and  it  will  be  observed  that  the  contraction  of  one 
side  exceeds  that  of  the  other  in  a  very  anomalous  manner,  which 
can  only  be  explained  by  supposing  that  the  timber  framing  yielded 
more  beneath  one  side  than  the  other  and  thus  caused  a  greater 
strain  of  compression  to  pass  through  that  side  of  the  pillar  which 
contracted  most. 

ft 

TABLE  X.— Lateral  DiFuonovs  akd  Ykbtioal  Ck>HTBAonoir  of  a  Bbaoid  Pillab. 


Date. 

Tonik 

A. 

B. 

C. 

Rod  on 
+«id«. 

Rod  on 
-Bide. 

Obsxbyatiovs. 

1854. 
Nov.  25 

30 

inehea. 
-I-0-08 

inehML 
+0-04 

InehM. 
+0-01 

IncheA 
0-05 

iBChOA 

0-25 

At  SO  torn,  the  ride  ttar  at  e  bulged 
outwards  sligbtlj,  with  a  tmdency 
to  increase;  alto  a  slight  hoUow 
was  produced  at  d;  to  remedy 
this  bnlglng  (which  seemed  to  be 
cansed  by  the  aneqna]  compression 
of  the  timber  packing,  that  on  the 
+  side  yielding  more  than  that 
opposite),    a    stmt    was    placed 
against  e,   and  the  weight  was 
blocked  np  nntl]  the  27th ;  wedges 
also  were  driven  between    the 
wooden  packings  underneath,  in 
order  to  tighten  them  up. 

n 
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TABLE  X.— Latxbal  DmrLXonoNS,  &o.— conttniMci. 


[app. 


Date. 

TOIUL 

A. 

B. 

C. 

Bod  on 

•filde. 

Rod  on 
—aide. 

OBSUTATXOMa. 

inches. 

inchee. 

ineheii 

inches. 

inches. 

Not.  27 

0 

•  •• 

••• 

••• 

0-0 

0-20 

Load  remored,  and  bulging  at  c  re- 
mored  as  nearlj  as  poasihie  hy 
means  of  a  screw-jack  which  waa 
left  in  position;  opposite  side  aiiiil- 
larly  blocked  ont  from  stsgliig; 
and  blocks  were  placed  at  flfanilar 
positions  at  top  of  pillar,  as  there 
appeared  a  tendencj  of  top  to 
more  orer  to—  ride. 

1* 

80 

•  •• 

••■ 

••  t 

0-05 

0-25 

I* 

35 

••• 

^. 

••• 

0-06 

0-27 

• 

91 

40 

0-0 

—001 

— 0-08 

0-08 

0-31 

Left  hanging  <m  all  night,  wfaid  ao 
strong  as  to  make  dellecticas  un- 
certain. 

Nov.  28 

40 

0-0 

—0-87 

—0-07 

0*09 

0-81 

The  hoUow  at  d  still  weD  marked 
and  a  tendenej  to  deflect  towards 

>f 

45 

0*0 

— O'Ol 

—0-07 

0-09 

0*84 

Wind  In  ffUBte;  ^  tons  left  hanging 
on  one  hoar. 

>f 

50 

+0-07 

+0-06 

—008 

0-10 

0-40 

Wind  much  abated;  no  vistble 
change. 

>» 

55 

•  »• 

••• 

••• 

0-10 

0-44 

Wind  so  strong  aa  to  prerent  deilee- 
tlons  being  taken.  No  lialhla 
change. 

n 

60 

•  •• 

.  •  • 

•«. 

010 

0-49 

No  Tisible  change. 

if 

62} 

•  •■ 

«•■ 

... 

0-105 

0-50 

Left  hanging  on  all  night 

Nov.  29 

■•■ 

••• 

••• 

••« 

0-11 

0-50 

»» 

65 

••• 

•■■ 

••■ 

0-12 

0-58 

The  buckle  at  oentre  strong^ 
marked. 

1 

It 

70 

+0-16 

+0-14 

+0-08 

012 

0-56 

Wind  mnch  abated. 

»> 

72i 

•■• 

■  ■  • 

••• 

018 

0-60 

»» 

75 

... 

••• 

•  •• 

0-14 

0-65 

No  risible  change  or  npsetting  of 
any  part 

t> 

774 

■•• 

••• 

••• 

0-18 

0-69 

i» 

80 

•*• 

••• 

•  •  • 

■•• 

••• 

Left  hanging  on  all  night 

Nov.  30 

••• 

•■• 

••• 

•  •• 

014 

0-78 

In  morning. 

M 

824 

■•• 

••• 

••• 

0-16 

0-796 

I> 

88} 

••• 

•  •• 

•  •• 

*•• 

•  •  » 

Broke  down  as  tiie  additional  ton 
was  being  laid  on,  parts  6  and  a. 
Fig.  1,  girhig  waj.  At  e,  both 
sides  of  the  pillar  bent  and  the 
internal  UMce  was  completdy 
distorted,  the  L  Iron  being  broken 
away  fhnn  the  side  bar  (see  Fig.  9). 
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The  Bectional  area  of  that  part  of  the  pillar  which  was  subject 
to  compression,  namely,  the  side  bars  and  the  angle  irons,  was 
7*5  inches.  The  compression  therefore  equalled  11  tons  per  square 
inch  at  the  period  of  failure.  For  a  very  short  portion  at  c,  where 
the  bracing  ended,  the  angle  irons  of  the  lower  cell  and  that  to 
which  the  internal  lattice  bars  were  connected  were  not  in  one  con- 
tinued piece,  and  the  whole  weight  passed  through  the  unsupported 
side  bars,  which  were,  however,  a  little  thicker  here  than  elsewhere 
from  a  weld  having  been  made  at  that  point,  so  that  the  area  of 
both  side  bars  together  equalled  6  square  inches ;  this  short  length 
was  therefore  subject  to  a  compression  of  nearly  14  tons  per  square 
inch.  If  we  wish  to  compare  the  economy  of  this  form  of  pillar 
with  a  tubular  one,  we  must  add  the  cross  area  of  the  lattice  bars  to 
that  of  the  side  bars  and  angle  irons,  in  order  to  obtain  the  strain  per 
sectional  inch  of  material  in  the  whole  pillar.  The  cross  area  of  the 
lattice  bars  =  2  inches  nearly ;  adding  this  to  the  area  of  the  side 
bars  and  angle  irons,  we  have  the  total  sectional  area  of  the  braced 
pillar  =  9^  inches,  and  the  compression  per  square  inch  of  material 
employed  =  8*7  tons.  This  is  a  favourable  result  when  compared 
with  those  arrived  at  by  Mr.  Hodgkinson  in  his  experiments  on 
tubes  subject  to  compression,  for  if  the  same  amount  of  iron  were 
thrown  into  the  form  of  a  plated  tube,  it  would  have  such  thin  sides 
that  the  ultimate  crushing  inch-strain  would  probably  fall  very  far 
short  of  8*7  tons  {U9l).  We  may  regard  the  lattice  pillar  as  one 
side  of  a  tube,  in  the  comers  of  which  the  chief  part  of  the  material 
is  collected  and  the  sides  of  which  are  formed  of  bracing,  connecting 

and  holding  the  comer  pillars  in  the  line  of  thmst. 

AS6.  Bxpeiimento  on  the  dfeet  of  slow  and  qaiek  tralmi 
on  delleetlon. — The  following  experiments  were  made  at  the 

Boyne  Viaduct  to  try  the  effect  of  slow  and  quick  trains  on 
vibration  and  deflection : — 

April  bth^  1855. — The  lateral  oscillation  at  the  centre  of  the 
centre  span  from  an  engine  and  tender  going  at  the  rate  of  from 
30  to  50  miles  an  hour  equalled  0*05  inch  on  each  side,  t.«.,  the 
total  oscillation  equalled  O'l  inch.  That  from  a  slow  engine 
was  scarcely  perceptible.  The  deflection  at  the  centre  of  the 
centre  span,  measured  on  the  same  side  as  the  line  on  which 
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the  engine  and  tender  travelled,  both  for  quick  and  alow  speeds 
equalled  '25^'.  The  same  deflection  was  produced  when  the  engine 
was  brought  to  a  stand  at  the  centre  of  the  centre  span.  If  anj 
difference  of  deflection  with  different  speeds  was  perceptible,  those 
deflections  which  were  produced  by  rapid  travelling  exceeded  the 
others  by  a  very  small  amount,  perhaps  the  width  of  a  fine  pencil 
stroke,  but  for  all  practical  purposes  they  were  identical.  On 
starting  the  engine  from  rest  at  the  centre  of  the  bridge  the 
deflection  was  momentarily  increased  to  a  very  slight  extent.  There 
were  about  five  quick  trains,  of  which  one  travelled  at  48  and  the 
others  50  miles  an  hour,  and  about  as  many  slow  ones  (454). 

NEWARK  DYKE  BRIDGE,  WARREN*8  GIRDER* 

589. — This  bridge  carries  the  Great  Northern  Railway  across 
the  Newark  Dyke,  a  navigable  branch  of  the  river  Trent.  It  is  a 
skew  girder  bridge,  formed  of  a  single  system  of  equilateral  triangles 
on  Warren's  principle.  Each  girder  consists  of  a  hollow  cast-iron 
top  flange,  and  a  bottom  flange,  or  tie,  of  wroughtriron  flat  bar 
links,  connected  together  by  diagonal  struts  and  ties,  alternately  of 
cast  and  wrought-iron,  which  divide  the  whole  lengtii  into  a  series 
of  equilateral  triangles,  18  feet  6  inches  long  on  each  side.  There 
are  two  main  girders  to  each  line,  between  which  the  trun  travels 
on  a  platform  attached  to  the  lower  flanges.  The  length  from 
centre  to  centre  of  points  of  supports  is  259  feet,  and  the  dear 
span  between  the  abutments  is  240  feet  6  inches.  The  depth 
from  centre  to  centre  of  flanges  is  16  feet,  or  nearly  l-16th  of 
the  length.  The  permanent  weight  of  bridge  for  a  single  line  of 
railway,  consisting  of  two  main  girders,  top  and  bottom  cross- 
bracing,  platform,  &c.,  is  as  follows : — 

Wrought-iron,  ... 

Cast-iron,     -  -  -  - 


Tom. 
106 

Cwta. 

5 

138 

5 

244 

10 

56 

0 

Platform,  rails,  handrail  and  cornice, 

Total  permaaent  weight  for  one  line  of  way,  300      lO 

*  '*  Description  of  tho  Newark  Dyke  Bridge."— iVoc  IntL  €,£.,  VoL  zii 
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With  a  load  of  one  ton  per  running  foot  the  central  deflection 
amounted  to  2}  inches.  The  strain  with  this  load,  whether  tensile 
or  compressive,  is  said  not  to  exceed  5  tons  per  square  inch  on  any 
part. 


CHEPSTOW  BBIDGE,  GIGANTIC  TRUSS.* 

U8. — This  bridge  was  erected  by  Mr.  Brunei  to  carry  the 
South  Wales  Bailway  across  the  river  Wye  near  Chepstow.  It 
consbts  of  two  gigantic  trusses,  one  for  each  line  of  way,  305 
feet  long  and  about  50  feet  deep,  and  resembling  Fig.  64,  p.  124, 
with  thb  exception,  that  the  roadway  is  attached  to  the  lower 
flange.  The  compression  flange  of  each  truss  is  a  round  plate- 
iron  tube,  9  feet  in  diameter  and  f  th  inch  thick,  with  stiffening 
diaphragms  at  intervals,  and  supported  by  cast-iron  arched  standards, 
or  end  pillars,  which  rest  on  the  piers.  The  side  girders  are  plate 
girders  which  are  divided  by  the  truss  into  three  spans.  The 
weight  of  iron  in  one  bridge  for  a  single  line  of  railway  is  as 
follows : — 


298  feet  run  of  tube  and  butt  plates, 
Hoops  of  ditto  over  piers,  ... 

Side  and  bottom  plates  for  attachment  of  main 
chuns,  -  .  .  .  - 

Side  plates  for  attachment  of  counterbracing  chains. 
Stiffening  diaphragms,  26  feet  apart, 
Kivet  heads,  &c.,  .... 

Total  weight  of  one  tube  (top  flange). 

Main  chains,  eyes,  pins,  &c.,        ... 
Counterbracing  chains,  eyes,  pins,  &c.,     - 
Vertical  trusses,  -  -  .  -  - 

Total  weight  of  side-bracing. 


Tons. 

127^ 

7f 

15 

H 
H 
H 

16H 

105 
23 
18i 

146^ 


Sncjfc.  BriL,  Art  '*  Iron  Bridges,"  and  Clark  on  the  TiiMar  Bridget,  p.  101. 
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Side  girders,  cross-girders,  &c.,      -  -  -    130 

Saddles,  collars,  &c.,  at  points  of  suspension,  -      22 


152 


Total  weight  of  Iron  for  one  line  of  railway,      -  460 

CRUMLIN  VIADUCT,  WARBBN'S  GIRDER  * 

580. — ^The  Crumlin  Viaduct  is  situated  on  the  Newport  sectioii 
of  the  West-Midland  Eailway  about  five  miles  from  Pontypool. 
The  structure  is  divided  by  a  short  embankment  into  two  distinct 
viaducts  of  exactly  similar  construction.  The  larger  viaduct  has 
seven,  the  smaller  three  openings  of  150  feet  from  centre  to  centre 
of  piers.  The  girders  are  "  Warren's  Patent"  of  148  feet  clear 
span,  but  not  connected  together  as  in  continuous  girders.  The 
compression  flange  is  a  rectangular  plate-iron  box  or  tube,  and  the 
tension  flange  is  formed  of  flat  wrought-iron  bars ;  both  flanges 
increase  in  sectional  area  from  the  ends  towards  the  centre.  The 
diagonals  form  a  series  of  equilateral  triangles  of  angle  and  bar  iron, 
the  section  of  those  in  compression  being  in  the  form  of  a  cross. 
The  length  of  each  side  of  the  triangle  is  16  feet  4  inches.  The 
maximum  tensile  strain  in  the  diagonals  from  the  permanent  load 
plus  a  train-load  of  one  ton  per  running  fbot  was  6*65  tons  per 
square  inch  of  net  section  when  the  bridge  was  first  made,  the 
maximum  tensile  strain  in  the  lower  flange  from  the  same  load 
was  5'75  tons  per  square  inch  of  net  section,  and  in  no  part  did 
the  maximum  compression  strain  from  the  same  load  exceed  4*31 
tons  per  square  inch  of  gross  section.  The  viaduct  has  four  girders, 
two  to  each  line  of  railway  with  the  road  above  the  ^rders.  The 
weights  for  a  single  line,  150  feet  long,  were  as  follows  when  the 
bridge  wa^  first  made,  but  a  very  large  amount  of  additional 
material  appears  to  have  been  added  subsequently  for  the  purpose 
of  strengthening  it.f 

*  Trati^  Inst,  O,  E,  of  Ireland^  VoL  vii,  p.  97 ;  and  Humber  <m  Bridges^  Ist  ed. 
t  Engineer,  1866,  VoL  xxii.,  p.  884. 


Tana. 

Cwto. 

37 

18 

3 

3 

18 

1 

15 

3 

9 

0 
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A  pair  of  main  girders, 
Cross-bracing  of  do.,   -  -  - 

Platform,        .  -  .  . 

Permanent  way,         ... 
Hand-railing,  -  -  - 

Total  pttmumeiit  weight  for  one  line  of  way,    83        5 

The  tension  flange  of  one  girder  weighs  5*97  tons,  of  which 
1*5  ton,  or  one-fourth,  was  required  to  make  the  connexions  of  the 
flange. 

PUBLIC  BRIDGE  OYEB  THE  BOTNE,  LATTICE  GIRDER.* 

540. — This  bridge  crosses  the  river  Boyne  at  the  Obelisk  near 
Drogheda.  The  main  girders  are  double-webbed  lattice  girders, 
128  feet  long,  and  10  feet  8  inches  deep,  or  l-12th  of  the  length. 
The  clear  span  between  the  abutments  is  120  feet,  and  the  clear 
width  of  the  roadway,  between  the  inside  planes  of  the  lattice  bars, 
is  16  feet  8  inches.  Sufficient  strength  is  provided  in  the  main 
girders  to  sustain  a  total  load  of  3  cwt.  per  super  foot  of  roadway 
when  the  iron  in  tension  is  stnuned  up  to  5  tons  per  square  inch  of 
net  section,  and  that  in  compression  up  to  4  tons  per  square  inch  of 
gross  section.  The  cross-girders  are  shallow  plate  girders  about  3^ 
feet  apart  and  capable  of  supporting  a  load  of  5  cwt.  per  super  foot, 
the  additional  strength  being  given  to  meet  the  contingency  of  a 
very  heavy  load  resting  on  each  girder  in  succession  with  the  same 
working  stndns  as  above.  The  roadway  is  supported  on  buckled 
plates  resting  on  the  cross-girders ;  these  plates  weigh  67^  ibs.  per 
square  yard  and  have  a  versine  of  2^  inches,  four  plates  being  laid 
in  the  width  of  the  bridge.  A  layer  of  wooden  chips,  sand  and 
coal  tar  was  first  laid  so  as  to  cover  a  little  over  the  level  of  the 
crown  of  the  buckled  plates  and  upon  this  was  laid  asphalt  8  inches 
deep,  consisting  of  broken  stones,  sand  and  coal  tar. 

The  following  table  gives  the  actual  weight,  the  theoretic  weight, 

*  Tremt.  Inst,  C.E,  qflrdand,  VoL  iz.,  p.  67. 
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and  the  percentage  of  material  practically  required  over  the 
theoretic  weight,  i.e,y  the  loss  of  iron  due  to  rivet  holes,  cover 
plates,  stiffeners  and  waste. 


TABLE  XL— SuMUABT  or  Materials  iv  thb  Bothb  Obkjsk  BamaE, 

120  FIBT  SPAV. 


Top  flange,  in  oompreflsion, 

Actual 
woight. 

Theoretic 
welgbt. 

Percentage  lost. 

882    cwt 

802    cwt. 

26    percent. 

Bottom  do.,  in  tenfdon. 

882       „ 

242       „ 

lis 

End  pillare,  in  compresBion, 

41       „ 

12       „ 

242 

Latticing,  in  compression, 

152       „ 

75       „ 

114 

Do.       in  tension, 

Total  for  Main  girders, 
Hand-rail  bars,         .... 

114       „ 

71       .. 

60 

1,071    cwt 

• 

29      „ 

702    cwt. 

52^  percent 

35  cross-girders,        .... 

815      „ 

70  cast-iron  chairs,  under  ends  of  last, 

44      „ 

Buckled  plates  and  side  plates  for 
retaining  asphalt  in  place, 

210      „ 

Asphalt, 

Total  welslit  of  1»rldg«b 

764      „ 

=  121  tons. 

2,420  OWt.= 

The  weight  of  the  main  girders  is  8*5  cwt.  per  foot  run  and  that 
of  the  roadway  10*8  cwt.,  forming  a  total  of  19'3  cwt.  per  foot  run. 
The  weight  per  square  foot  of  roadway  surface  is  '52  cwt.  for  the 
main  girders,  and  *65  cwt.  for  the  roadway,  the  total  being  1*17  cwt. 
per  square  foot.  This  leaves  a  balance  of  3  —  1*17,  =  1*83  cwt. 
per  square  foot,  for  the  greatest  load,  say  dense  crowds,  which  in 
a  country  bridge  can  scarc/cly  exceed  100  fibs,  per  square  foot  (4M). 
There  is,  therefore,  a  considerable  margin  for  deterioration  of  the 
iron,  which  is  a  wise  precaution  in  a  country  bridge  that  is  not 
likely  to  be  psunted  frequently. 
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B0W6TB1NG  BBIDGE  ON  THE  CALEDONIAN  BAILWAT  * 

541. — This  bridge  was  erected  by  Mr.  E.  Clark  to  carry  the 
Caledonian  Railway  over  the  Monkland  Canal.  The  arch  is  partly 
wrought-iron  and  partly  cast-iron,  and  the  tie  or  lower  flange 
consists  of  wrought-iron  plates.  The  total  length  of  the  girders  is 
148  feet,  and  the  depth  is  15  feet  or  about  1-lOth  of  the  length. 
The  whole  weight  of  the  girders  for  a  double  line  is  128  tons. 

CHABINChCBOSS  LATTICE  BBIDGE.  f 

54t. — ^This  bridge  was  erected  by  Mr.  Hawkshaw  to  carry  the 
Charing-Cross  Bailway  across  the  Thames  on  the  site  of  the 
Hungerford  Suspension  Bridge,  the  chains  of  which  were  removed 
to  Clifton.  It  comprises  nine  independent  spans,  six  of  154  feet 
and  three  of  100  feet.  The  leading  particulars  of  one  of  the  154 
feet  spans  are  as  follows.  The  main  girders  are  wrought-iron 
lattice  tubular  girders,  the  web  consisting  of  two  systems  of  nearly 
right-angled  triangles.  The  tension  diagonals  are  Howard's  patent 
rolled  suspension  links,  and  the  compression  diagonals  are  forged 
bars,  varying  in  thickness  from  2^  to  3  inches,  and  united  in 
pairs  by  zigzag  internal  cross-bracing.  The  flanges  are  formed  of 
horizontal  plates  in  piles,  with  four  vertical  ribs  attached  by  angle 
irons  to  the  horizontal  plates,  the  two  outer  ribs  being  2  feet  deep 
and  the  two  inner  ones  21  inches  deep.  The  flanges  therefore 
resemble  the  usual  trough  section,  but  with  4,  in  place  of  2  ver- 
tical ribs  (4S9).  The  diagonals  have  enlarged  ends  with  eyes, 
and  are  attached  to  the  vertical  ribs  by  turned  pins  of  puddled 
steel.  In  addition  to  the  diagonals  already  mentioned,  there  are 
vertical  bars  1  inch  thick  connecting  each  pin  in  the  upper  flange 
with  that  in  the  flange  directly  beneath;  these  vertical  bars  form 
diagonals  to  the  squares  made  by  the  diagonal  bracing  and  are 
superfluous  (101).  The  extreme  length  of  the  main  girders  is  164 
feet,  their  extreme  depth  is  14  feet,  and  the  depth  from  centre  to 
centre  of  pins  is  10  feet  9  inches,  but  the  distance  between  the 

*  Ene^dopekUa  BrUcmiUca,  Art  ''Iron  Bridges,"  p.  605. 

t  Proe.  IntL  C.  B^  Vol  zzii. ;  and  from,  8oe.  Eng.fitr  1864. 
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centres  of  gravity  of  the  flanges  is  12  feet  9  inches,  or  nearly 
l-12th  of  the  clear  span,  and  this  seems  to  have  been  assumed  to 
be  the  correct  depth  for  calculating  the  working  strains,  which 
with  1^  ton  per  foot  on  each  line,  are  stated  to  be  5  tons  tension 
per  square  inch  of  net  section,  and  4  tons  compression  per  square 
inch  of  gross  section.  The  cross-girders  are  attached  to  the  under 
sides  of  the  lower  flanges,  and  project  beyond  them  with  cantileyer 
ends  which  support  footpaths  7  feet  wide.  These  cross-girders  are 
11  feet  apart  and  correspond  with  the  apices  of  the  diagonals  in  the 
lower  flanges.  There  are  four  lines  of  railway  and  the  width  in  the 
clear  between  the  main  girders  is  46  feet  4  inches.  The  weight  of 
iron  in  one  main  girder,  including  the  end  pillars,  is  as  follows : — 

Tons.      Gwts.     Qn. 

Top  flange. 
Bottom  do., 
Web, 
End  pillars. 

Weight  of  Iron  In  one  main  girder,  190        O        O 

Taking  the  rolling  load  at  1^  tons  per  foot  of  single  line,  the 
maximum  distributed  load  on  each  main  girder  is  nearly  as 
follows : — 

Tons. 

Boiling  load  on  two  lines  =  156  X  2^  tons,         -            -  390 

One  main  girder,  deducting  end  pillars,              -            -  184 

One  half  the  cross-girders  and  cantilevers,         -            -  67 

Rails  for  two  lines,        -            -            -            -            -  7 

Timber  in  the  half  platform  and  longitudinals  under  ndls,  41 

Load  of  people  on  one  footpath  at  100  Ifos.  per  square  foot,  48^ 


70 

4 

2 

67 

15 

2 

46 

0 

0 

6 

0 

0 

Total  distributed  load  on  one  girder,  -  -    737^ 

The  foregoing  load  ia  exclusive  of  con^ice,  hand-rail,  fish-plates, 
bolts,  spikes,  chiurs  for  rails,  hoop-iron  tongue  and  bolts  for  planking 
and  ballast. 

CONWAY   PLATE  TUBULAR  BEIDGE.* 

548. — The  Conway  bridge  was  erected  by  Mr.  Kobert  Stephenson 

*  Clark  on  the  Tubular  Bridga, 
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to  carry  the  Chester  and  Holyhead  Railway  oyer  the  river  Conway, 
in  North  Wales.  It  consists  of  two  wrought-iron  plate  tubular 
bridges  placed  side  by  side,  with  one  line  of  nulway  in  each  tube. 
The  entire  length  of  each  tube  is  424  feet,  the  dear  spaix  is 
400  feet,  and  the  effective  length  for  calculation  412  feet.  The 
external  depth  at  the  centre  is  25  feet  6  inches,  or  nearly  l-16th  of 
the  length,  thence  it  diminishes  gradually  towards  the  ends  where 
it  is  22  feet  6  inches.  The  external  width  is  14  feet  9  inches;  the 
dear  width  inside  is  about  12  feet  6  inches.  The  tubes  are  placed 
9  feet  apart  and  are  not  connected  in  any  way. 

TABLE  XIL— Tjlbulab  Statemiht  of  wbouoht-uioh  wobk  in  thi  Covwat 

BBIDOI— OVS  TuBK,  BIHOLl  LINB,  LINOTB    424   rUT. 


Upper  Flange. 


Sidei. 


UnrerFUngeL 


Smnmery. 


Plates,  - 

Angle  and  T-iron, 
Coven,  - 
Rivet  heade, 

Total, 


tODB. 

239 

115 

15 

28 


tODB. 

201 

146 

22 

24 


tons. 

242 
59 
77 
17 


tons. 

682 

820 

114 

64 


392 


898 


895 


1180 


Plates,  58  per  oent. ;  angle  and  T-iron,  27  per  cent. ;  oovera,  10  per  cent. ;  rivet- 
lieads,  5  per  oent. ;  total,  100. 


The  following  is  an  analysis  of  the  wrought-iron  in  one  tube 
412  feet  long,  t.€.,  6  feet  longer  at  each  end  than  the  clear  span. 
This  was  the  length  of  the  tube  when  floated  into  its  place  between 
the  abutments ;  6  feet  were  afterwards  added  to  each  end. 


TOP  FLANGE. 


Plates  and  angle-iron  in  compression, 
Plates  and  angle-iron  acting  as  covers, 
Transverse  keelsons, 
Bivet-heads,       ... 


Tons.  Owts. 

336  0 

17  8 

7  0 

22  7 


Per  oent 

87-5 
4-5 
20 
60 


382  15 


100-0 
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SIDES. 

Tons.  Cwt&  Per  oent^ 

Plates  acting  as  sides,  ...  163  0  43*0 
Covers  and  proportion  of  T-iron  acting  as 

covers,  -  -  -  -  90  10  240 
Oussets,  stiffeners,  and  projecting  rib  of 

T-iron  engaged  in  stiffening  the  sides,    101  16  27*0 

llivet-heads,       -            -           -           -      23  15  6*0 


379    1 

100-0 

LOWER  FLANGE. 

• 

ToncCwta 

Percent 

Plates  and  angle-iron  in  tension. 

279     9 

72-5 

Plates  and  angle-iron  acting  as  covers,    - 

76    6 

20-0 

Transverse  keelsons,       ... 

14    0 

3-5 

Kivet-heads,       .           .           .            - 

15  17 

40 

385  12  1000 

This  makes  the  total  welgbt  of  wronght-lron  in  412  feet  of 
one  tube  =  1147"4  tons,  or  2*78  tons  per  running  foot  for  each 
line.  The  weight  of  wrought-iron  in  each  tube,  400  feet  long  in 
the  clear,  is  1112  tons. 

Summary  of  cast-iron  work  in  the  Conway  Bridge  for  both 
lines : — 

Tons. 

Castings  fixed  in  the  ends  of  tubes,     -  -    201 

Bed-plates,  rollers,  &c.,  ...    108 

Castings  fixed  in  the  masonry,  -  -    325 


Total  weight  of  castings  for  both  tubes,    634 

The  working  inch-strains,  as  already  given  in  Table  YII.  (481), 
are  6*32  tons  tension  and  4*924  tons  compression  with  a  train-load* 
of  I  ton  per  foot  uniformly  distributed. 

The  mean  deflection  of  the  two  tubes,  immediately  after  the 
removal  of  the  platform  on  which  they  were  built,  was  8*04  inches 


^1 
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which  became  8*98  inches  after  they  took  a  permanent  set  due  to 
the  strain  (410).  The  deflection,  from  additional  weight  placed  at 
the  centre,  is  '01104  inch  per  ton.  The  difference  of  deflection  due 
to  change  of  temperature,  between  noon  and  midnight  on  the  5th 
of  July,  1848,  was  1*56  inches  (410). 

BBOTHEBTOK  PLATE  TUBULAR  BRIDGE* 

544. — The  Brotherton  bridge,  on  the  York  and  North  Midland 
Railway  is  a  tubular  plate  bridge  with  one  line  of  railway  in  each 
tube.  The  span  is  225  feet,  the  depth  20  feet  or  1-1 1th  of  the 
span  nearly,  and  the  width  of  each  tube  between  the  side  plates 
is  11  feet. 

The  weight  of  one  tube  is  as  follows : — 

Wrought-iron  between  the  bearings, 

Wrought-iron  on  the  bearings,  - 

Cast-iron  on  the  bearings. 

Cast-iron  in  rollers  and  plates,    • 

Total  weight  of  Iron  for  one  line  of  railway,    235  tons. 

The  top  flange  is  composed  of  a  single  plate  in  thickness,  and 
no  cells  whatever  have  been  used  either  in  top  or  bottom. 

545.  Slae  and  welfflits  aiwmriomm  wmaimwUJm. — The  following 
tables  refer  chiefly  to  the  size  and  weights  of  various  materials,  and 
will  be  found  useiiil  for  reference. 

*  Bneyel  BriL,  Art.  *'  Iron  Bridges,**  p.  609. 


198  tons. 
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TABLE  ZnL— Valubb  ov  Gaobs  roB  Wnts  ahd  SHkir  Metalb  nr  govxbai. 

U8I,  BXPBBSaED  DT  OEOIVAL  PABTS  07  THB  INGE.* 


Binnlnghtm  Wire 
Gmgtt  for  Wire« 

and  for  Sheet  Iron 
and  Sheet  SteeL 


Birmingham 

Metal  Gage  for 

Sheet  Metala,  Braaa, 

Gold,  Silver,  Zinc, 

Ac 


Lancaahlre  Gage  for  ronnd  Steel  Wbe^  and  also  for 

Pinion  Wire. 

The  smaller  sixes  are  distingnlshed  by  munbera. 

The  larger  bj  letters,  and  called  the  Letter  Gage. 


Mark. 

0000- 

000- 

00- 

0- 

1- 

2- 

8- 

4- 

6- 

6- 

7- 

8- 

9- 

10- 

11- 

12- 

18- 

14- 

16- 

16- 

17- 

18- 

19- 


Size; 
'454 
'425 
'880 
•840 
•800 
•284 
•259 
•288 
•220 
•208 
•180 
•165 
•148 
•134 
•120 
•109 
•096 
•088 
•072 
•066 
•058 
•049 
•042 


Mark. 

1  — 

2  — 
8  — 
4  — 
6  — 

6  — 

7  — 

8  — 

9  — 
lo- 
ll— 
12  — 
18  — 

14  — 

15  — 

16  — 

17  — 

18  — 

19  — 

20  — 

21  — 

22  — 
28  — 


Sise. 

•004 

•005 

•008 

•010 

•012 

•018 

•015 

•016 

•019 

'024 

•029 

•034 

•036 

•041 

•047 

•051 

•067 

•061 

•064 

•067 

•072 

•074 

•077 


Mark. 
8^- 
79- 
78- 
77- 
76- 
75- 
74- 
78- 
72- 
71- 
70- 
69- 
68- 
67- 
66- 
66- 
64- 
68- 
62- 
61- 
60- 
59- 
58- 


Sise. 

•018 

'014 

•016 

•016 

•018 

•019 

•022 

•028 

•024 

•026 

•027 

•029 

•030 

•031 

•082 

•088 

•034 

•036 

•036 

•088 

•039 

•040 

•041 


Mark,    i 

Size. 

40  —  ' 

-096 

89  — 

-098 

88  — 

100 

87- 

102 

86  — 

105 

85  — 

107 

84  — 

109 

88  — ■ 

111 

82  — 

116 

81  —  ' 

118 

80  — • 

125 

29  —  ' 

184 

28  —  ' 

138 

27  — 

141 

26  — 

143 

25  — 

146 

24  — 

148 

28  — 

150 

22  — 

162 

21  —  ' 

167 

20  —  ' 

160 

19  — 

164 

18      • 

167 

Mark.  Size. 
A  — -284 
B— -238 
C  — -242 
D  — -246 
E  — •250 
F— -257 
G— -261 
H— •266 
I— -272 
J— -277 
K  — -281 
L  — -290 
M  —  ^295 
N— ^802 
O  —  -816 
P— -828 


Q 
R 

S 

T 

U 


'882 
•889 
•848 
•868 
•868 


V  — -877 

w — -sac 


*  From  Holtzapffel'a  Mechanical  ManiptdfOum, 
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TABLE  XIIL— Valuis  or  Gauoxs  fob  Wibi  akd  Shixt  Mbtals  in  axNXBAL 

UBX,  XXPRIBSBD  JS  DXCIICAL  PARTS  OF  TBI  IJXOR^ continued. 


BlrminKhAm  Wire 
Gauge  for  Iron  Wire, 
and  for  Sheet  Iron 
and  Sheet  SteeL     - 

Birmingham  Metal! 

Gange  for  Sheet 
MeU]^  BraM,  Gold, 

surer,  Zinc,  Ac. 

Pinion  Wire. 

The  smaller  ilses  are  dlstlngniahod  by  nambersw 

The  larger  by  letters,  and  called  the  Letter  Gauge. 

Mark.    Size. 

Mark.  Size. 

'  Mark.   Size. 

Mark.   Size. 

Mark.   Size. 

20  —  085 

1 

24  —  -082 

57  —  -042 

17  — -169 

X  —  -397 

21  — -082 

25  —  -095 

56       044 

16— -174 

Y  —  -404 

22  —  -028 

26  —  -103 

65  —  K)50 

15  — -175 

Z  —  -418 

28  —  025 

27—118 

54      -055 

14      -177 

A  1  —  -420 

24  —  -022 

28  -  -120 

j       68  _  058 

18  —  -180 

Bl— -431 

25  —  -020 

29  -  -124 

52  —  -060 

12  -  -185 

C  1  —  -448 

26  —  -018 

80  —  -126 

51  —  064 

11—189 

D  1  —  -452 

27—016 

81  —  138 

50  —  -067 

10  — -190 

El  —  -462 

28  —  -014 

1 

82  — -143 

49  —  -070 

9       191 

F 1      -475 

29— -018 

88  —  145 

48  —  -078 

8  —  -192 

G  1  —  -484 

80  —  '012 

84  — -148 

47  __  -076 

7  — -195 

H  1       -494 

81  — -010 

85  —  -158 

46      -078 

1 

6      *198 

82      -009 

86  —  -167 

45  —  -080 

5  —  -201 

88  —  -008 

44  —  -084 

4  — -204 

84  —  -007 

1       48  —  -086 

8  —  -209 

85  —  -005 

42  —  -091 

2  —  -219 

86  —  -004 

41  —  095 

1      -227 

Golnmii  1  refers  to  the  gauge  oommonly  called  the  BvmUngham  Wire  Oaugt,  which  is 
employed  for  iron,  bnuM  and  other  wires,  for  black  steel  wire,  for  sheet  iron,  sheet 
steel  and  varioos  other  materials. 

The  gauge  referred  to  in  the  second  column  is  called  the  Birmingham  Metal  Gauge 
or  the  Plate  Gauge,  and  is  employed  for  most  of  the  sheet  metals,  excepting  iron  and 
steel. 
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TABLE  XIV.— Weight  of  ▲  suFXBriciAL  Foot  of  yabious  Metals  nr  i.b& 


THICKNESS  BT  THE  BIRMINGHAM  WIRE  GAUGE. 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 

18 

14 

15 

Wrought-) 
Iron,     3 

12-50 

12-00 

11-00 10-00 

8-74 

8-12 

7-50 

6-86  6-24 

•    1 
5-62  5-00  4-88 

1       : 

3-75  312  2-82 

i 

Copper,  - 

14-60 

13-90 

12-76 

11-60 

10-10 

9-40 

8-70 

7-90  7-20 

6-50  6-80 

6-08 

4-34  S-60;3-27 

Brass, 

18-76 

18-10 

1210 

1100 

9-61 

8-93 

8-26 

7-64 
28 

6-86 
24 

6-186-50 

4-814-12  3-48  810 

Wrought-) 
Iron,     j 

16 

17 

18 

19 

20 

21 

22 

25 

26 

27 

28 

29 

SO 

2-60 

2-18 

1-86 

1-70 

1-64 

1-40  1-251-12 

1-00 

•90 

-80 

•72 

•64 

•66 

•50 

Copper,  - 

2-90 

262 

216 

1-97 

1-78 

1-62 

1-46 

1-80 

1-16 

1-04 

•92 

•88 

•74 

•64 

•58 

Brass,     - 

2-75 

2-40 

2-04 

1-87 

1-69 

1-54J1-37 

1-28 

1-10 

-99 

•88 

•79 

•70   -61 

•55 

THICKNESS  m  PARTS  OF  AN  INCH. 


1 

i 

A 

i 

tV 

1 

^ 

1 

i 

} 

i 

I 

Wrought-  . 
Iron,     ) 

2-5 

50 

7-5 

10-0 

12-6 

15- 

17-6 

20- 

25' 

30- 

85- 

40-     1 

Copper,  - 

2-9 

5-8 

8-7 

11-6 

14-5 

17-2 

20-0 

28-2 

28-9 

843 

40-4 

46-2 

Brass, 

2-7 

5-5 

8-2 

11-0 

13-7 

16-4 

19-0 

21-8 

27-4 

32-6 

87-9 

43-3 

Lead, 

3-7 

7-4    111 

14-8 

18-5 

22-2 

25-9 

29*6 

87-0 

44-4 

61-8 

59-2 

Zinc, 

I 

2-3 

4-7 

7-0 

9-4 

11-7 

14-0 

16-4 

18-7 

23-4 

281 

82-8 

87-6 

1 

It  is  useful  to  recollect  that  a  square  foot  of  plate-iron,  ^  inch  thick,  weighs  10  lbs. 
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TABLE  XY.— Weioht  of  ▲  Likbal  Foot  of  Round  and  Squabs  Bab  Iron  in 

LBS. — (Molesworth). 


Breadth 
or  dUtm. 
In  inchea. 

Square 
Bars. 

Round 
Bars. 

Breadth 
or  dUm. 
In  InehM. 

Sqaare 
Bart. 

Round 
Bari. 

Breadth 
or  diam. 

in  inchea. 

1 

Square 
Bara. 

Round 
Bara 

• 

•209 

1 
•164 

IJ 

5-25 

4-09 

1 
3 

80-07 

23-60 

it 

•826 

•256 

1| 

6-86 

4-96 

Si 

85-28 

27-70 

i 

•470 

-869 

14 

7-51 

5-90 

34 

40-91 

3213 

ft 

•640 

•502 

li 

8-82 

6-92 

8J 

46-97 

86-89 

i 

•835 

•656 

11 

10-29 

8-03 

i 

53-44 

41-97 

ft 

1^057 

•831 

li 

11-74 

9-22 

4i 

60-82 

47-88 

« 

1-305 

1-025 

2 

13-36 

10-49 

<1 

67-68 

53-12 

\i 

1-579 

1*241   ; 

21 

15-08 

11-84 

41 

75^85 

59-18 

\ 

1-879 

1^476 

2i 

16-91 

13-27 

6 

83-51 

65-58 

« 

2-205 

1*732  , 

2f 

18-84 

14-79 

1 

92-46 

72-80 

i 

2*556 

2-011 

24 

20-87 

16-39 

fil 

101-03 

79-86 

ii 

2-936 

2-306 

2i 

23-11 

18-07 

61 

110^43 

86-73 

1 

3-34 

2-62 

2} 

25-26 

19^84 

1 

6 

120^24 

94-43 

u 

4-22 

8-32 

n 

27-61 

21-68 

— 

To  convert  into  weight  of  other  metals,  multiply  tabulAr  No.  for  cast-iion  by  -98,  for 
steel  X  1-02,  for  copper  X  115,  for  brass  X  1-09,  for  lead  X  147,  for  zinc  X  *92. 
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TABLE  XVI. — Spkcifio  Gravity  and  Weight  of  a  ouwo  poot  of  diffebsxt 

WOODB.* 


Kind  of  Woodf  and  state. 


Specific 
gravity. 


Weight 

of  a 

cubic 

foot  in 

pounds. 


Kind  of  Wood,  and  state. 


Spedilc 
graviiy. 


WelgliXf 

of  a. 

caWe 

foot  in 

pouDda 


Abele,  dry, 

Acacia  (false),  green, 

Do.,     dry,      - 

Do.,    dry, 

Do.,  (three^thomed). 
Alder,  - 

Do.,  dry. 
Almond  tree,  - 
Apple  tree. 
Apricot  tree,    - 
Arbor  vit»  (Chinese), 
Asb  (heart  wood),  dry. 

Do.,  dry. 

Do.,  young  wood,  dry, 

Do.     - 

Do.    - 

Do.  (old  tree),  dry, 

Do.,  dry. 
Bay  tree, 
Beech  (meanly  dry), 

Do.     - 

Do.     - 

Do.     - 

Do.,  dry, 
Birch,  dry, 
Bi»x  (Dutch).    - 

Do.,  dry, 

Do.    - 


Do. 


Cfrom 
tto 


Do.,  dry. 

Do.,  Turkey,  - 
Brazil  wood  (red), 
Canary  wood,  - 
Cedar  (Indian), 

Do.  (Canadian), 

Do.  (Virginian  red),dry. 

Do.  (Palestine), 

Do.  (American), 

Do.        do.,  seasoned. 
Cedar  of  Libanus, 

Do.  do.,    dry,  - 

Cherry  tree, 

Do.      do.,  dry. 
Chestnut  (sweet),  green. 

Do.    - 

Do.  do.,      dry,  - 

Do.,  Miother  specimen, 

dry, 
Do.  (horse),  - 


611  T. 
820  E. 
791  H. 
748  T. 
676  H. 
800  M. 
555  E. 
102  H. 
793  M. 
789  H. 
660  H. 
845  P. 
832  W. 
811  T. 
800  J. 
760  B. 
758  T. 
690  B. 
822  M. 
854  P. 
852  M. 
720  H. 
696  B. 
690  E. 
720  E. 
828  M. 

030  J. 

031  P. 
024  B. 
960  B. 
950  W. 
949  R. 
031  M. 
723  R. 
315  M. 
758  C. 
650  T. 
596  M. 
560  M. 
453  C. 
603  H. 
486  T. 
741  H. 
672  T. 
875  E. 
685  H. 
606  T. 
636  T. 

•657  H. 


32-00 
51-25 
49*43 
46-75 
42-25 
50-00 
34-68 
68-87 
49-56 
49-31 
35-00 
62-81 
62-00 
60-68 
50-00 
47-50 
4706 
43-12 
51-37 
53-37 
53-25 
45-00 
43-50 
43-12 
45-00 
83-00 
64-37 
64-43 
64-00 
60-00 
59-37 
59-81 
64-43 
45  18 
82-18 
47-06 
40-62 
37-25 
35-00 
28-31 
37-68 
30-37 
46-31 
42-00 
54-68 
42-81 
37-96 
33-46 

41-06 


Chestnut  (horse),  dry,  • 

Do.  do.,    anotii^ 

specimen,  dry, 
Cocoa  wood,     - 
Cork,  - 
Cowrie, 

Crab  tree,  meanly  diy. 
Cypress, 

Do.        (Spanish), 
Deal,  white.     See  fir. 

Do.,  yellow.     See  pine. 
Ebony  (American), 

Do.     (Indian), 

Do.    - 
Elder  tree. 
Elm,'  green. 

Do.     - 

Do.,  seasoned. 

Do.     - 

Do.  (common),  dry,   - 

Do.,  wych,  young  tree, 
green, 

Do.        do.,    diy. 
Filbert  tree,     - 
Fir  (Norway  spruce),  - 

Do.  (white  American 
spruce). 

Do.  (silver  green). 

Do.,  dry, 

Do.     (Scotch).      See 
pine. 
Fustic, 
Hazel, 
Hickory, 
Hornbeam, 

Jasamine  (Spanish),     - 
Juniper  wood,  - 
Laburnum, 
Lance  wood,     - 

Do.       do.,  dry, 
Larch,  green,  - 

Do.  (redwood),Bea8oned 

Do.,  dry. 

Do.,  dry. 

Do.      (white     wood), 

seasoned. 

Lemon  tree,     - 

Letter  wood,    - 

Lignum  vitie,  - 

Do. 


•696  T. 
•488  T. 

1-040  M. 
•240  M. 
-679 
•765  P. 
•655  H. 
•644  M. 


1-881  M. 
1*209  M. 
1-108  R. 

-696  M. 

•940  C. 

•693  8. 

•588  C. 

•653  B. 

-644  E. 

•763  E. 

•684  T. 
•600  M. 
•612  T. 
•465  T. 

•631  Wi. 
•408  WL 


•817  R 
•606  M. 
•929  S. 
•760  H. 
•770  M. 
•66» 
•843  T. 
•038  L. 
•943  R. 
•858  Wi 
•640  T. 
•612Wi. 
-496  T. 
-364  T. 


•708 
1-286  C. 
1-333  M. 
1-827  P. 


37^23 
801S 

65-00 
1500 
86*20 
47^81 
4«-98 
40-25 


83-18 
75-56 
69-25 
43*48 
58-75 
44^41 
36*75 
3456 
84^00 
47*68 

42-75 
87-50 
32*00 
29-06 

33-2(J 
25-22 


6106 
8787 
68-06 
47*50 
48^12 
8475 
5270 
64-87 
58-98 
53-63 
40-00 
38^31 
31-00 
22-75 

4398 
80*37 
8381 
82*98 


Tredgold's  Carpentt-y,  p.  298. 
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TABLE  XVI.— Spkoifio  Gravity  and  Wxioht  of  a  cubic  foot  of  diffebeht 

Woods — eontinuecL 


Kind  of  Wood,  and  state. 


Specific 
gravity. 


Weight 

of  a 

cubic 

foot  in 

poaiida. 


Lime  tree, 

Do. 

Do. 

Logwood, 
Mahogany  (Spanish),  dryj 

Do.  dry, 

Do.  (Honduras),  dry,  - 
Maple  (Norway), 

Do.     dry, 

Do.  (common),  dry,    - 
Medlar  tree,    - 
Mulberry  tree  (Spanish), 
Oak  (live),  half  seasoned, 

Do.  (English  green),  - 

Do.  (French  green),  - 

Do.  (Irish  bog), 

Do.  (evergreen), 

Do.  (Adriatic), 

Do.  (black  bog),  dry,  - 

Do.  (white  American), 
half  seasoned, 

Do.    {Quercus  tesatli- 
fiora). 

Do.  (American  white), 

Do.    ( Provence),   sea- 
soned. 

Do.   {Quercug  Tobw)^ 
dry. 

Do.  (English),  seasonetl, 

Do.  (Dan tzic),  seasoned. 

Do.  (American),  red,  - 

Do.  (Riga),  dry, 

Do.  (English),  from  an 
old  tree,  diy, 
Olive  tree. 
Orange  tree,    - 
Pear  tree,  diry. 

Do. 
Pine  (American  pitch), 
dry. 

Do.    (do.),    seasoned. 

Do.  (pinaster),  green. 

Do.  (Scotch),  green,   - 

Do.  (Mar  Forest), 


•604 
■564 
•480 
•918 
•852 
•816 
•560 
•795 
•765 
•624 
•944 
•897 
1-216 
M13 
1-068 
1-046 
•994 
•993 
•965 
-908 


M. 

H. 

T. 

P. 

T. 

W. 

T. 

L. 

P. 

T. 

M. 

M. 

Ch. 

c. 

Bu. 

C. 

H. 

B. 

R. 

Ch. 


•879  T. 


•840 

•828 


H. 
D. 


•807  T. 


•777 
•755 
•762 
•688 
•625 

•927 

•705 
•708 
•646 
•936 

•741 
•837 
•816 
•696 


C. 
T. 
L. 
T. 
T. 

M. 

M. 

T. 
B. 
T. 

C. 
Wi 
Wi. 
B. 


87-75 
35  26 

57-06 
53-80 
51  •OO 
35-00 
49-68 
47-18 
82-75 
59*00 
56^06 
76-03 
69-56 
66-48 
65-87 
62^25 
62-06 
60-81 
56-75 

54-97 

52-50 
51-75 

50-47 

48-56 
47-24 
47-00 
43-00 
39-06 

57-93 
44*06 
44-25 
4037 
58-5 

46-81 
5285 
51^08 
43-50 


Kind  of  Wood,  and  sUte. 


Specific 
gravity. 


Weight 

of  a 

cable 

foot  In 

pounda. 


Pine  (planted  Scotch), 

dry, 
Do.  (Scotch),  dry, 

Do.(Memel),diy|^'^ 

Do.  (Riga),  dry,  ]  ^"^ 

Do.  (Weymouth),  dry, 

Do.  (American),  dry,  - 
Plane  (occidental),  £y. 

Do.  (oriental). 
Plane  tree  (common). 

See  sycamore. 
Plum  tree, 

Do. 
Poona  (seasoned). 
Poplar  (Spanish,  white). 

Do.  (black),  dry. 

Do.  (Lombardy),  dry. 
Quince  tree,     - 
Sassafras, 
Satin  wood, 

Saul  (Bengal),  seasoned, 
Service  tree,     - 
Sissoo  (BengaI),sea8oned, 
Stinkwood  (seasoned),  - 
Sycamore, 

Do.,       dry,  - 
Teak,  dry. 

Do. 

Do.,  seasoned, 
Tulip  tree. 
Vine, 
Walnut  tree,  green,     - 

Do.  (American), 

Do.  (French), 

Do.,  dry. 
Willow,  green. 

Do.,      dry,  j^ 

TeUow  wood  (seasoned). 
Yew  (Spanish), 

Do.  (Dutch), 

Do.     - 


from 


•529  T. 

■429  WL 
•558 
•544  T. 
-480 
•466  T. 
•460  T. 
•368  T. 
•648  £. 
-588  H. 


•785  M. 
•668  P. 
•685  C. 
•529  M. 
•421  T. 
•874  E. 
•705  M. 
•482  P. 
•952  R. 
-994  L. 
•742  H. 
•889  L. 
•681  C. 
•645  H. 
•590  E. 
•832  Ch. 
•745  B. 
•657  C. 
•477  H. 
1-287  iVf . 
•920  E. 
•735  H. 
•671  M 
•616  T. 
•619  E. 
-568 
•404  T. 
•657  C. 
-807  M. 
•788  M. 
•788  H. 


83  06 

26-81 
34^56 
84^00 
80^00 
29-12 
28-75 
28-00 
40-50 
88-62 


49-06 
41-48 
89'95 
83^06 
26-31 
24^87 
44^00 
3012 
59-50 
62^12 
46^87 
55^52 
42-56 
40-31 
86-87 
52^00 
46^56 
41^06 
29^81 
77-81 
57-50 
45^93 
41^93 
88-50 
38-68 
85  50 
25-25 
4106 
50-43 
49-25 
48-62 


The  letters  following  the  specific  gravities  refer  to  the  authorities — B.,  Barlow ; 
Bu.,  Buffon ;  C,  Couche ;  Ch.,  from  Chapman  on  Pretervation  of  Timber;  E.,  EbbelB ; 
H.,  from  Rondelet's  table ;  J.,  Jurin;  L.,  Layman;  M.,  Muschenbroek;  P.,  PhUoaophical 
TraMoctumt,  Vol.  i.,  Lowthorp*8  Abridgement;  R.,  Ralph  Tredgold ;  S.,  Sooresby;  T., 
Tredgold ;  W.,  Watson  (Biahop)  j  Wi.,  Wiebeking. 


598 


WEIGHTS  OF  VARIOUS  MATERIALS. 


[app. 


TABLE  XVII. — Spxcific  Gravitt  and  Wbioht  of  a  cubic  foot  of  vabioub  'Hatkbiaia* 


Name  of  the  Substance. 


Specific 
gravity. 


Weight 

of  a 

cabic 

foot  in 

ponnda. 


Name  of  the  Snbatance. 


Specific 
grarity. 


Wdslit 

of  a 

cabic 

foot  in 


Air  (atmospheric), 
Alabaster.  See  gypsum. 
BaJlast,  drained, 

Do.  (Fairhead), 

Do.  (Derbyshire), 

Do.  (Giant's    Cause- 
way), 

Do.  do. 

Do.  (Rowley  rag),    - 
Bees*  wax  (yellow), 
Bismuth  (cast), 
Bittmien,  of  Judea, 
Bone,  Beef, 
Brass  (wire  drawn),     - 

Do.  (plate),  - 

Do.  (cast),     - 

Brick  (common),  J  . 

Do.  (red). 

Do.  (pale  red). 

Do.,   - 

Do.  (common  London 

stock), 
Do.  paving    (English 

clinker). 
Do.  (Dutch  clinker),  - 
Do.  (Welsh  fire),       - 
Brickwork,  about 
Broken  stone.  See  stone. 
Cement  (Roman)  and 
sand  in  equal  parts, 
Do.,  alone  (cast), 

Chalk.  j^"" 

Do.(Cambridgeclunch) 
Do.  (Dorking), 
Charcoal  from  birch,   - 
Do.  from  fir,  - 
Do.  from  oak. 
Do.  from  pine. 

Clay  (potter's), 

Do.  (common). 

Do.,  with  gravel, 

Do.,  puddling. 

Do.,  slate.    See  slate. 
Coke,   - 
Coal  (Kilkenny), 

Do.  (Glasgow  splint). 

Do.  (Cannel), 


from 
to 


•0012 


300 
2-478 
2-95    K 
2-921  W. 
2-90    K 

2-864  Br. 
2-478  K. 

•965 
9-822 
1-104 
2-08t 
8-544 
8-441  W. 
8-100  P. 
1-567 
2-000 
2-168  Re. 
2-085  Re. 
1-857  Be. 
1-841  T. 

1-663  R. 

1-482  R. 
2-408  T. 


1-817  T. 

1-600  R. 
2-315 
2-657  Th. 
2-657  W. 
1-169  R. 

•542  K. 

•441  K 

•332  K. 

•280  K. 
1-800 
2-085  K. 
1-919  Be. 
2-560 


•744  K. 
1-526  K. 
1-290  Th. 
1-272  Th. 


•075 

97-4 
187-50 
154-87 
184-37 
182-56 
181-25 

179-00 
164-87 

60-31 
613-87 

69-00 

534-00 
627-56 
506-25 
97-31 
125-00 
135-50 
130-31 
116-06 
116-06 

108'31 

92-62 

150-50 

95-00 

118-56 

100^00 

144-68 

166-06 

166^06 

116-81 

33-87 

27-56 

20-75 

17-50 

112-50 

130-31 

119-93 

160-00 

113-36 

46-60 
96-37 
80-62 
79-50 


Coal  (Newcastle 

caking). 
Concrete,  Ballast  and 
Portland  Cement, 
Copper  (British  sheet). 
Do.     (British  cast). 

Earth  (common),  j  . 

Do.  (loamy  or  strong). 
Do.  (rammed), 
Do.  (loose  or  sandy),  - 
Firestone.    See  stone. 

\  from 


to 


Flint, 

Do.  (black  Cambridge) 
Freestone.    See  stone. 
Glass,  white  flint, 

Do.,  plate,     - 

Do.,  crown,   - 
Grold,  pure  cast, 

Do.,  standard, 

(  from 


to 


Granite,  j 

Do.  (Guernsey), 

Do.  (Aberdeen  gray). 

Do.  (Cornish), 

Do.  (do.), 

Do.  (Aberdeen  red), - 

Do.  (Cornish),  - 
Gravel, 
Gunpowder  (solid), 

Do.  (shaken),  - 

Gypsum  (plaster  stone), 

Iron  (bar),  |  ^™ 

Do.,  hammered. 
Do.,  not  hammered,  • 

Do.  (cart).         j  ^"^ 

Do.  (horizontal  ditto). 

Do.  (vertical  castings), 
Ivory,  - 
Lead  (milled),  - 

Do.  (cast). 

Do.,  black.  See  Plum- 
bago. 
Lime,  quick,    - 
Limestone.    See  stone 

and  marble. 
Loam.    See  earth, 

Marble,  |  (^"^ 


1-269  Th. 

4-464 

8-785  Ha. 

8-607  H». 

1-520 

1-984 

2016 

1-584  Pa. 

1-520 

1-800 

2-580 

2-630  Th. 

2692  W. 

S^OOO 

2-760 

2-620 
19-361  Br. 
17-724  Th. 

2-999 

2-538  K. 

2-999  W. 

2-664  R. 

2-662  Re. 

2-653  R. 

2-643  R. 

2-624  T. 

1-749  P. 

1-745 
•922 

2-286  W. 

7-600 

7-800  K. 

7-763  M. 

7-600  M. 

7-600 

7-200  Th. 

7113  Re. 

7-074  Re. 

1-826  P. 
11-407  Th. 
11-352  Br. 


•843  Be. 


2-840 
2-580 


79-31 

140-00 

549-06 
5S7-9S 
95-00 
124-00 
126-00 
99-00 
95-00 
112-50 
161-25 
164-37 
162-00 


187-50 
172-50 
157-50 
1210-06 
1107-75 
187-47 
158-62 
187-47 
166-5 
166-37 
165-81 
165-18 
164-00 
109-82 
109-06 
57-62 
142-87 
475-00 
487-50 
48518 
475-00 
475-00 
450-00 
444-56 
442-12 
11412 
712-93 
709-50 


52-68 


177-50 
161-25 


•  Tredgold's  Carpentry^  p.  800. 


t  Bevan,  PhU.  Mag,  1826,  p.  181. 
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TABLE  XVIL — Spicifio  Gbavitt  and  Wkioht  of  a  cubic  foot  op  vabious  Materials — 

continued. 


Weljrht 

• 

Weight 

Name  of  the  Substance. 

Specific 
gravity. 

of  a 
cubic 
foot  in 

Name  of  the  Substance. 

Specific 
gravity. 

of  a 

cubic 

foot  In 

1 

pounds. 

1 
1 

pounds. 

Marble,  Parian  white, 

2-837  K, 

177-31 

Plumbago,or  black  lead. 

2-267 

141-68 

Do.,  veined  white,     - 

2-726  Re. 

170-37 

Porphyry  (green), 

2-875 

179-68 

Do^  Carrara  white,  - 

2-717  K. 

169-81 

Do.         (red). 

2-793 

174-56 

Do.,        do.      blue,  - 

2-713  K. 

169-56 

Potstone,                 ^"^ 

3-000 

187-50 

Do.,  Italian  black, 

2-712  K. 

169-50 

2-768  K. 

173-00 

Do.,  Derbyshire  entro- 
chal, 

2-709  R. 

169-31 

1  Puzzolana,              ^™ 

2-570 
2-850  K. 

160-62 
178-12 

Do.,  Saxon  gray. 

2-700  K. 

168-75 

Quartz  (ciystallized),  - 

2-665 

165-93 

Do.,  Brabant  black,  - 

2-697  Re. 

168-56 

Roe-stone.     See  stone. 

Do^  Derbynhire  black. 

2-690  W. 

168-12 

Road-grit.    See  sand. 

Do.,  Namur  black,    - 

2-682  R. 

167-62 

'  Road  metal.    See  stone. 

Do.,  Sienna  yellow,  • 
Do.,  PaUion     brown 

2-677  K. 
2-686  R. 

167-31 
161-62 

Rubble  masonry, 

(from 
to 

145-00 
160-00 

figured. 

Sand  (pure  quartz),  >  - 

2-750 

171-87 

MtI.                   j  ^"^ 

1-600 

100-00 

Do.,  river,     - 

1-886  Be. 

117-87 

2-870  Th. 

179-37 

Po.,    River   Thames 

1-638  T. 

102-37 

Mercury  (fluid). 

13-568  Br. 

848-00 

(best), 

Mortar, 

1-716  Be. 

107-18 

Do.,  pit   (clean    but 

1-610  T. 

100-62 

Do.  of  river  sand  three 

1-615  Ro. 

100-93 

coarse). 

parts,  of  lime  in 

Do.,  pit  (fine-grained 

1-523  T. 

95-18 

paste  two  parts, 

and  clean). 

Do.,  do.,  do.,  well  beat 

1*893  Ra 

118-31 

Do.,     scraped     from 

1-494  T. 

93-37 

together, 

London         roads 

Do.  of  pit  sand  three 

1-688  Ro. 

99-25 

(road-grit). 

parts,  of  lime  in 

Do.,    pit    (very    fine 

1-480  T. 

•    92-50 

paste  two  parts. 

grained). 

Do.,  do.,  do.,  well  beat 

1-903  Ro. 

118-93 

Do.,    River    Thames 

1-454  T. 

90-87 

together. 

(inferior). 

Do.  of  pounded  tile 

1-457  Ro. 

91*06 

Sandstone.    See  stone. 

three     parts,     of 

Serpentine,     Anglesey 

2-683  R. 

167-68 

quick-lime       two 

green. 

parts, 

Do.,  blackish  green,  - 

2-574  K. 

160-87 

Do.,  do.,  do.,  well  beat 

1-663  Ro. 

108-93 

Do.,     dark     reddish 

2-561  K. 

160-06 

together. 

brown. 

Do.,  common,  of  chalk 

1-550  R. 

96-87 

Silver,  pure  cast. 

10-474  Br. 

664-62 

lime,    and    sand, 

Do.,  standard. 

10-312  Th. 

644-50 

dry. 

Slate,  Welsh,  - 

2-888  K. 

180-50 

Do.,  the  lining  of  an 

1-549  Ro. 

96-81 

Do.,  Anglesey, 

2-876  K. 

179-75 

antique    reservoir 

Do.,    Westmoreland, 

2-791  W. 

174-43 

near  Rome, 

pale  blue. 

Do.,  from  the  interior 

1-414  Ro. 

88-37 

Do.,  do.,  dark  blue,  - 

2-781  W. 

173-81 

of    an    old    wall. 

Do.,  do.,  pale  greenish 

2-768  W. 

173-00 

Rome, 

blue. 

Do.,  lime,  sand,  and 

1-384  R. 

86-60 

Do.,  do.,  blackish  blue, 

2-758  W. 

172-37 

hair,      used      for 

used  for  floors. 

plastering,  dry. 

Do.,  Welsh  rag, 

2-752  K. 

172-00 

Oolite.    See  stone,  roe. 

Do.,     Westmoreland, 

2-732  W.' 

170-75 

Peat,  hard. 

1-329 

83-06 

fine  grained  pale 

Pebble  (English), 

2-609 

163-06 

blue. 

Pewter, 

7-248 

463-00 

Do.,  Cornwall,  greyish 

2-512  K 

157-00 

Pitch,  - 

1-150  P. 

71-87 

blue. 

Phister  (cast),  - 

1-286  Be. 

80-37 

Stone,  Bath  (roe-stone), 

2-494  K. 

155-87 

Platinapure,   - 

21-531  Th. 

1345-68 

Do.,  do. 

1-975  R. 

123-43 
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TABLE  XVII. — Specific  G&avitt  and  Wbioht  of  a  cubic  foot  of  vabioub  Matrbials — 

continued. 


% 

1 
Weight 

t 

Weight 

Name  of  the  Substance. 

Specific 
gravity. 

of  a 

cubic 

foot  In 

pounds. 

Name  of  the  Substance. 

Specific 
gravity. 

of  a 

cable 

foot  in 

pounds 

Stone,  blue  lias  (lime- 

2-467 R. 

154*18 

Stone,   Portlaiid   (roe- 

2*423  Re. 

1 

151*48 

stone), 

stone), 

Do.,        Bromley-fall 

2*506  Re. 

166*62 

Do.,  do.,  do., 

2 113  R. 

182*06 

(sandstone), 

Do.,  pumice. 

•629  R 

39-31 

Do.,  do., 

2-261  R. 

141*31 

Do.,  Purbeck, 

2-680  W. 

167*50 

Do.,  Bristol  stone,    - 

2-610 

156-87 

Do.,  do.. 

2*599  Re. 

1 0*2*43 

Do.,     Burford    (dry 

2  049  P. 

128*06 

I>o.,    Roach    Abbey 

1*893  R. 

118*81 

piece). 

■ 

(magnesian    lime- 

Do., Caen  (calcareons 

2-108  R. 

131*75 

stone), 

sandstone). 

1 
1 

Do.   (Tottenhoe  cal- 

1*800 T. 

112*50 

Do.,    CUtheroe  lime- 

2-686 W. 

167-87  1 

careous  sandstone), 

stone, 

' 

Do.,  Woodstock  flag- 

2*614 K. 

168*37 

Do.,    Collalo,    white 

2-423  Re. 

161-43 

stone. 

(sandstone). 

1 

I 

Do.,  Yorkshirepaving, 

2*507  Re. 

156*68 

Do.,  do.. 

2040  R. 

127-50 

Do.,  do.,  do.. 

2*356  R. 

147-25 

Do..  Craigleith,  sand- 

2-452 Re. 

153-25 

Stone,  limestone  broken 

1-44 

90*00 

stone. 

to  go    through  a 

Do.,  do., 

2-360  R. 

147-50 

two-inch  ring. 

Do.,  Derbyshire  ^red 

2-346  Re. 

146-62 

Stonework,      mean 

107-00? 

friable  sandstone), 

weight    according 

Do.,  Dundee, 

2-530  Re. 

158-12 

to  Belidor,  about 

Do.,  do.. 

2-517  T. 

157-31 

Shingle, 

1-424  Pa. 

89*00 

Do.  (grindstone), 

2143 

133-93 

steel,              -    j^- 

7*780 

486-25 

Do.,    Hedding-stone, 

2-029  P. 

126*81 

7-840  Th. 

490*00 

lait  kind, 

1 

Syenite  (Mount  Sorrel), 

2-621 

168-81 

Do.,     Hilton    (sand- 

2-177 R. 

136-06 

Tile  (common  plain),  - 

1-853  R. 

116-15 

stone), 

Do.,  - 

1-815  Be. 

118*43 

Do.,  Kentish  rag. 

2-675  R. 

167-18  i 

Tin.  hammered. 

7-299  Br. 

456*18 

Do.,  Ketton  (roe-stone) 

2-494  K. 

155-87 

Do.,  pure  cast, 

7*291  Br. 

455-68 

Do.,  do.. 

2-058  R. 

128*62 

Toadstone  (Derbyshire), 

2-921  W. 

182*56 

Do.,  Kincardine  (sand- 

2-448 T. 

153*00 

Tufa  (Roman), 

1*217  Ro. 

76*06 

stone), 

Water,  sea. 

1027  Th. 

64-18 

Do.,  Limerick  (black 

2*598  Re. 

162*37 

Do.,  rain. 

1*000 

62*50 

compact  limestone), 

Wheat, 

•64 

4800 

Do.,  Pennarth  (lime- 

2-658 W. 

166*81 

Whinstone  (Scotch),    - 

2-760  W. 

172*50 

stone). 

Wood  ashes,    - 

•933  P. 

58-82 

Do.,    Portland   (roe- 

2-461  W. 

153-81 

Wood  petrified, 

2-341  P. 

146*31 

stone), 

Zinc,  - 

7*028  W. 

489-25 

Part  of  the  letters  of  reference  are  explained  in  a  note  to  the  preceding  table.  The  rest 
are  as  follows: — Be.,  Belidor ;  Br.  Brisson  ;  Ha.,  Hatchet ;  K.,  from  Kirwan's  Mintraiogy; 
Re.,  Rennie,  Phil.  Magazine^  VoL  liiL  ;  Ro.,  Rondelet ;  Th.,  from  Dr.  Thomson's  Syttem  of 
CKemistry,  5th  edition ;  Pa.,  Pasley,  Course  of  Military  Instruction. 
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TABLE  XVIIL— For  Convkrtino  Tonb  into  Lbs.  Avoirdupois. 


Tons. 

Lbs. 

1 
Tons. 

Lbs.    1 

Tons. 

Lbs. 

Tons. 

Lbs. 

0-05 

112 

1   12 

2rt,880 

42 

94,080 

72 

161,280 

0-10 

224 

13 

29,120 

43 

96,320 

73 

163,520 

0-15 

836   > 

14  . 

31,860 

44 

98,560 

74 

165,760 

0-20 

448 

15 

33,600 

45 

100,800 

1 

75 

168,000 

0-25 

560 

16 

35,840 

46 

103,040   , 

76 

170,240 

0-80 

672 

,   17 

38,080 

47 

105,280   ' 

77 

172,480 

0-36 

784   ■ 

1   18 

40,820   ' 

48 

107,520 

1 

78 

174,720 

0-40 

896   1 

'   19 

42,5r,0 

49 

109,760   ' 

79 

176,960 

0-45 

1,008   1 

20 

44,800 

50 

112,000 

80 

179,200 

0-50 

1,120 

21 

47,040 

I  ^1 

114,240 

81 

181,440 

0-56 

1,232 

22 

49,280 

52 

116,480 

82 

183,680 

0-60 

1,344 

23 

51,5-20 

53 

118,720 

83 

185,920 

0-65 

1,456 

24 

58,760 

54 

120,960 

84 

188,160 

070 

1,568 

25 

66,000 

55 

128,200 

85 

190,400 

076 

1,680 

26 

58,240 

56 

125,440 

86 

192,640 

0-80 

1,792 

27 

60,480 

57 

127,680 

87 

194,880 

0-85 

1.904 

28 

62,720 

58 

129,920 

88 

197,120 

0-90 

2,016 

29 

64,960 

59 

132,160 

89 

199,360 

0-95 

2,128 

30 

67,200 

60 

134,400 

90 

201,600 

1 

2,240 

31 

1 

H9,440 

61 

136,640 

91 

203,840 

2 

4,480 

32 

71,680 

62 

138,880 

92 

206,080 

3 

6,720 

33 

78,920 

63 

141,120 

93 

208,320 

4 

8,960 

34 

76,160 

64 

148,860 

1   94 

210,560 

5 

11,200 

35 

78,400 

65 

145,600 

95 

212,800 

6 

13,4  40 

36 

80,H40 

66 

147,840 

96 

215,040 

7 

15,680 

37 

82,880 

67 

150,080 

97 

217,280 

8 

17,920 

38 

85,120 

68 

152,320 

98 

219,520 

9 

20,160 

'   39 

87.860 

69 

154,560 

99 

221,760 

10 

22,400 

40 

89,600 

70 

156,800   ' 

100 

224,000 

11 

24,640 

41 

91,840   i 

1 

71 

159,040 

101 

226,240 
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TABLE  XIX. — For  ooNVKBTiNa  Lb&  Avoibddpoib  ikto  Tons. 


Lbs. 

Tons. 
0-000 

Lbs. 

1 
Tons. 

Lbs. 

Tons. 

Lbs. 

Tons. 

Lbs. 

Tons. 

0 

775 

0346 

28,000 

10-268 

54,000 

24-107 

85,000 

87-946 

25 

0011 

800 

0-357 

24,000 

10-714 

55,000 

24-554 

86,000 

38-393 

50 

0-022 

825 

0-368 

25,000 

11161 

56,000 

25-000 

87,000 

88  839 

75 

0033 

850 

0-879 

26,000 

11-607 

57,000 

25-446 

88,000 

89-286 

100 

0-045 

875 

0-890 

27,000 

12-054 

58,000 

25-893 

89,000 

89-732 

125 

0-056 

900 

0-402 

28,000 

12-500 

59,000 

26-339  1 

1 

90,000 

40-178 

150  0-067 

925 

0-413 

29,000 

12-946 

60,000 

26-786  ' 

91,000 

40-625 

175  0-078 

1 

950 

0-424 

30,000 

13-393 

61,000 

27-232  1 

92,000 

41-071 

200 

0-089  ! 

975 

0-435 

31,000 

13-839 

62,000 

1 

27-678 

93,000 

41-518 

225 

0-100 

1,000 

0-446 

32,000 

14-286 

1 63,00(» 

28-125  ' 

94,000 

41-964 

250 

0-112 

2,000 

0-898 

38,000 

14-732 

64,000 

28-671 

95,000 

42-411 

275 

0-123 

3,000 

1-389 

:  34,000 

1 

15-178 

65,000 

29-018 

I  96,000 

42-857 

800 

0134 

4,000 

1-786 

35,000 

15-625 

66,000 

29-464 

97,000 

43-808 

325 

0-145 

5,000 

2-232 

36,000 

16-071 

67,000 

29-911 

98,000 

43-750 

350 

0156 

6,000 

2-678 

87,000 

16-518  . 

68,000 

30-857 

99,000 

44-196 

375 

0  167 

7,000 

3-125 ! 

1 

88,000 

16-964 

69,000 

30-804 

100,000 

44*643 

400 

0-179 

8,000 

3-571  i'  39,000 

17-411  ' 

70,000 

81-250 

101,000 

45  089 

425 

0-190 

9,000 

1 

4-018 ';  40,000 

17-857 

71,000 

81-696 

102,000 

45-535 

450 

0-201 

10,000 

4-464 

41,000 

18-303 

72,000 

82-148 

103,000 

45-982 

475 

0-212 

11,000 

4-911 

42,000 

18-750 

73,000 

32-589 

104,000 

46-428 

500 

0-223 

12,000 

5-357 

43,000 

19196 

1 

74,000 

33086 

105,000 

46-875 

525 

0-234 

13,000 

5-804 

44,000 

19-643 

75,000 

83-482  i 

106,000 

47-821 

550 

0-246 

14,000 

6-250 : 

45,000 

20  089 

76,000 

33-929 

107,000 

47-768 

575 

0-257  ' 

1 

15,000 

6-696 

46,000 

20-535 

77,000 

34-375 

i  108,000 

48-214 

600 

0-268 

16,000 

7-148 1 

47,000 

20-982 

78,000 

34-821 

109,000 

48-860 

625 

0-279 

17,000 

7-589 

48,000 

21-428 

79,000 

35-268 

110,000 

49-107 

650 

0-290 

18,000 

8-036 

49,000 

21-875 

80,000 

35-714 

111,000 

49554 

675 

0-301 

19,000 

8-482 

50,000 

22-821 

81,000 

36-161 

112,000 

60-000 

700 

0-313 

20,000 

8-929 

51,000 

22-768 

82,000 

36-607 

118,000 

50-446 

725 

0-324 

21,000 

9-875 

52,000 

23-214 

83,000 

37054 

114,000 

60-893 

750 

0-885 

■  22,000 

1 

9-821 

58,000 

23-660 

84,000 

37-500 

115,000 

51-339 
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TABLE  XX.— CHA.HVKL  IbOK  SlOnONS  of  VABIOUB  THICKNSaSBfl^ 

IN  PBOPOBTIOir  TO  TUKIB  BIZX. 


^ i\ 


Baae. 

Sides. 

1 

inch. 

Bu.. 
inch. 

Sides, 
inch. 

Base, 
inch. 

Sldesi 

Base^ 

Sides. 

inch. 

inch. 

inch. 

inch. 

I 

A  by    A 

2 

2    by     2 

14  by  14 

«A 

2i    by   2| 

i 

i    ,.    1 

2* 

U     »    U 

1}     ..  li 

84 

3       „    8 

i 

f    >.    } 

2| 

i-A  »»  1-^ 

8      .,   8 

2       „    2 

a 

T«     »»        if 

21 

i|    „  18 

2       „   2      ' 

21     „    21 

I 

f    ..    2 

24 

*■"*         »l      -^4 

21     ..   2i 

2i     „    2J 

i 

1     „  1 

2} 

^«         l»      ^4 

14     >.   14 

3       „    8 

1    «    i 

2f 

•If        »»      ■*■  8 

14     .*.   14 

H    »  3^ 

2    ,.    i 

1 

8 

4        **         4 

If     ..   li 

2       „    2 

1     ..  1 

3 

*           »»         1 

44 

2       „   2 

21     „    2i 

U    ..  U 

8 

''^*        »»      '4 

24     .,   ii 

3       „    8 

i    ..    1 

8 

■*  8        »»      *  8 

1 

8       „   8 

1 

2       „   2 

i    .>    1 

,  8 

A 1     >»    'a 

1 

2A  ..   2-ft  i 

2|     „    21 

i    »    4 

3 

^4        >»     ^4 

5 

u  ..  u 

8 

3i     „    3i 

i    ..    } 

3 

*           M      ^ 

5 

2       „   2 

8 

3i     „    3i 

1 » 

i    »    J 

,  8 

1 

«>              »t       V 

5 

21     ..   2} 

8 

3}     „    8J 

1     ,.  1 

'n 

*■ »     »»    ^4 

5 

2|     .,   2| 

8 

4       „    4 

li    »  i| 

31 

■^t        »»      ■^8 

5 

2J     „   2J 

8 

H    »  H 

1      ,.  1 

H 

J           If      ^ 

5 

8       „   8 

8J 

2i     „    2i 

2       ,.   2 

|34 

1 

14  ,.  u 

1    5i 

li     ..   14 

8i 

U    »  li 

i     ..     i 

34 

*  4         »»     *  4 

6 

2A  ..   2A 

9 

2A   „    2^ 

11    ..  H 

3f 

^f        l»     *4 

i     6 

24     »   24 

9 

3i     „   31 

2 

i    »    3 

1* 

*            t»     •* 

6 

8       „   3 

H 

3|     „    3| 

2 

1     „  1 

4 

•*  4        »»      ■'4 

6 

34     ..   8} 

H 

3V\r   »    8,% 

2 

U    ..    } 

4 

■*■  f        »f      ^8 

6 

*       „   i 

10 

8i     „    3^ 

2 

n  ..  H 

4 

*i      »»    *a 

«i 

1}     ..   U 
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TABLE  XXL— Rolled  Isov  Gibsbbs. 


Depth. 

Width 

of 
flanges. 

Approximate 

weight 

per  foot 

Depth. 

Width 

of 
Flanges. 

Approximate 

weltfht 

per  foot. 

inch. 

inch. 

tbs. 

inch. 

inch. 

IbB. 

19} 

6i     by 

6i 

97 

10 

H 

by 

64 

16 

6 

6 

70 

10 

6 

*y 

6 

34     to    36 

16 

54      » 

6J 

60 

10 

*4 

n 

ii 

31      „     42 

15J 

5i      „ 

54 

60    to     71 

10 

'4 

»» 

i 

29     „     39 

15 

51      „ 

6J 

59 

H 

H 

11 

4i 

38     „     42 

15 

6 

5 

70 

»A 

81 

i» 

Si 

20     ,,     28 

14 

6 

6 

60 

H 

H 

>» 

ii 

28     ,,     86 

18i 

6 

6 

64    to     56 

9i 

8J 

»» 

n 

24 

13} 

5i      » 

6i 

54     „     62 

n 

Si 

it 

SJ 

24     to    30 

12A 

81      „ 

84 

150 

H 

Si 

f» 

SJ 

21     „     29 

12 

10 

10 

118    to  120 

H 

Si 

)f 

Si 

23     „     28 

12 

6 

6 

67     „     65 

9 

H 

»9 

6* 

38     „     40 

12 

H     ,. 

51 

60 

9 

s 

ri 

5 

32     „     364 

12 

5 

5 

41    to     60 

9 

6 

>» 

8 

28     „    32 

11 

3 

3 

30 

9 

<i 

n 

*i 

32     „     85 

lOi 

2J      „ 

2} 

27    to     33 

9 

i 

» 

4 

30      „     35 

lo* 

2tf    „ 

m 

29 

9 

81 

»» 

SJ 

lOi 

54      „ 

54 

35    to     87 

9 

SJ 

» 

81 

25 

10} 

3i%    „ 

8t^ 

42 

9 

2* 

n 

2i 

22 

lOi 

5}      „ 

5} 

66 

8} 

SJ 

It 

SJ 

23    to    27 

m 

64      „ 

54 

35    to     45 

81 

3 

»f 

3 

20      „     28 

10^ 

6f^    „ 

6^ 

.    85 

84 

6 

tt 

6 

80     „     82 

10 

8        „ 

8 

62    to     68 

84 

a 

ft 

41 

28      ,,     29 

10 

6        „ 

6 

84 

*i 

tt 

ii 
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TABLE  XZI.— RoLLiD  Ibov  GmDW&B^cotUinued, 


Depth, 
inch. 

Width 

of 
FUngM 

Approxlmata 
welffht          1 
per  foot. 

1 

Depth. 

Width 

of 
FUnget. 

Approximate 

weight 

per  foot. 

inch. 

lbs. 

inch. 

inch. 

Ibfl. 

8J 

4 

by 

4 

82 

8       by 

8 

19    to    22 

84 

3 

M 

8 

25     to    84 

2i      ,. 

2g 

15 

84 

24 

>» 

^ 

17     „     27 

2t      ,1 

24) 

14    to    18 

81 

4 

»> 

4 

45 

21      II 

2ii 

8 

fi 

>f 

5 

29     to    84 

2i      „ 

14 

9 

8 

n 

f> 

H 

28     „     85 

2i      1, 

24 

14    to    18 

8 

*i 

n 

H 

88     „     84 

«i 

8i      II 

84 

15     „    18 

8 

4 

It 

4 

21     M     80 

«i 

8        „ 

s 

18 

8 

8J 

« 

sj 

24     „     27 

1 

2i      „ 

"! 

11    to    18 

8 

84 

»» 

8* 

26     »     80 

H 

2        „ 

2    1 

8 

3 

>» 

3 

27 

H 

li      II 

If 

12J   „    15 

8 

2* 

f* 

24 

15     to    20 

6 

6        II 

6 

29     „    82 

8 

24 

n 

2i 

20 

6 

6        11 

6 

25     „    81 

7J 

2i 

>t 

21 

24 

6 

44      11 

*i 

24 

'i 

*i 

w 

*J 

27     to    80 

6 

4tV    II 

*A 

24 

7.V 

21 

If 

n 

9     1.     11 

6 

4        „ 

4 

16    to    19 

7i 

64 

M 

5i 

42     „     45 

6 

8i    ,. 

81 

21 

7 

II 

7 

46 

6 

84      ., 

8J 

17 

6 

W 

5 

6 

84      „ 

84 

17 

*i 

w 

4 

27 

6 

8       „ 

3 

18    to    22 

4 

11 

4 

25 

6 

24      .. 

24 

18     „    15 

34 

>» 

2i 

20     to    26 

6 

2        „ 

n 

12     „    14 

34 

II 

8» 

19     „     25 

6* 

84      » 

84 

18     „    20 

34 

» 

Si 

28     ,,     25 

H 

8        „ 

'i 

11     ,1    16 

84 

II 

3i 

21     „     22 

61 

28      ,. 

2|| 

84 

II 

H 

19     „     22 

6i 

2J      « 

24 

9     „    18 
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TABLE  XXI. — Rolled  Iron  Gibdebs — continued. 


Depth. 

Width 

of 
Flangea. 

Approximate 

weight 

per  foot 

DeptiL 

Width 

of 
Flangea. 

Approximate 

wei(?ht 

per  foot. 

incb. 

iach. 

lbs. 

inch. 

inch. 

Ebs. 

6i 

2       by 

li) 

9     to     13 

4i 

2J    by 
8       „ 

2t 
8 

11 
25 

6* 

2J      ., 

2i 

15     ,,     18 

*i 

2i      „ 

2i 

12    to    15 

fi 

6 

6 

24 

4 

4       .. 

4 

19     „     29 

5 

<i      ., 

*i 

22    to     24 

4 

8        „ 

3 

10 

6 

2i      „ 

2i 

13 

4 

2|      „ 

2| 

8 

5 
6 
5 

li      ,. 
3i      „ 

s 

li 

8    to     11 

n    „    16 

4 

4 
4 

2        „ 
li      .. 
If      ,. 

li) 
If 

7    to      8 
6     „     8 

*i 

4 

8 

16     „     18 

4 

11      » 

1* 

7 

H 

4        » 

2i 

14     „     18 

SJ 

2i      „ 

2i 

11 

<i 

8f      „ 

Si 

14     „     18 

84 

1*      „ 

li 

7    to      9 

4i 

8f      „ 

2« 

H     „     18 

84 

If      » 

li 

41  ^      6 

*l 

2i      „ 

2i 

10 

8 

8        „ 

8 

9     „    11 

*i 

li      ., 

li 

8    to     10 

n 

l-nr    »> 

lA 

6 

4| 

8i      „ 

2i 

15     „     18 

n 

1       ,, 

1 

4 

48 

8i      „ 

2J 

14     „     18 

2i 

i      » 

i 

2}  to      4 

H 

li      „ 

li 

9     „      12 

li 

li      .. 

i 

2 

4i 

4 

4 

16     „     16 

li 

a  « 

H 

li  to      2 

a 

8i      „ 

li 

14     „     16 

« 

i   >. 

i 

i 

*i 

8i      „ 

81 

15     „     18 

. 
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TABLE  XXII.— Deck  Beam  Ibok. 


Depth 

of 
Beam. 

inch. 

Width 

of 
Flanjce. 

Width 

of 
Bulb. 

Average 

weight  per 
lineal  fbot. 

Depth 

of 
Beam. 

Width 

of 
Flange. 

Width 

of 
Bolb. 

AverafCe 
yeight  per 
lineal  foot 

inch. 

inch. 

1 
1 

lbs. 

inch. 

inch. 

inch. 

lbs. 

16 

«i 

81 

60    to    68 

8 

61 

li 

81 

15 

61 

81 

56    „    59  , 

8 

61 

1} 

26    to    28 

14 

61 

81 

55    „    58 

8 

41 

2i 

32    „    88 

13 

61 

81 

54    „    57 

8 

4 

2f 

24 

12 

61 

81 

54    „    56 

7 

5 

2 

22 

11 

6i 

21 

^2    „    44 

7 

5 

1| 

22    „    25 

10 

6 

2i 

35    „    37 

7 

H 

If 

25    „    27 

10 

H 

3 

30    „    82 

7 

4 

2J 

21 

9 

61 

2 

85    „    87 

6 

5 

14 

18    to    20 

9 

61 

81 

43    „    45 

6 

4 

14 

18    „    20 

9 

Bk 

2 

81    „    88 

6 

4 

21 

20 

9 

61 

n 

31    ,,    88 

5 

41 

3 

22    to    23 

9 

*i 

3 

28    „    29  1 

1        5 

4 

14 

15    „    16 

8J 

5 

1| 

81    ,,    88 

5 

4 

i| 

14 

8J 

61 

li 

29    „    80 

4 

84 

• 

12    to    13 

TABLE  XXIII.— Plain  Bulb  Bbam  Iron  or  various  thiokvessbs, 

IK  FROPORTION  TO  THB  DXPTH. 


4i  5,  5},  6,  ei,  64,  7,  74,  8,  8},  8},  9,  9},  9},  10,  11,  12,  12}  inches  deep. 
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TABLE  XXV.— Anolb  Ibov. 


BOUVD  BACKED. 

n 

inch. 

inch. 

l!i^ 

^ 

2i       by        2i 

4 

by 

2 

inch. 

^ 

24        „          2i 

4 

M 

24 

i     by 

i 

2i       „          2i 

4 

»> 

8 

1 

1 

2A      ..          2A 

4 

>» 

4 

li      ., 

ij 

2g        »          2g 

<i 

»> 

84 

U      « 

u 

2i        „          2i 

*i 

}» 

4i 

li      » 

li 

2i        „          2J 

*J 

9* 

24 

n    ,, 

u 

8          „          8 

4J 

>» 

s 

H     .. 

u 

8i        „          3J 

<4 

»l 

44 

ij    .. 

IJ 

3J        „          8J 

a 

>t 

*i 

2 

2 

3i        „          31 

B 

>f 

6 

2i        >, 

2J 

3i        „          2i 

6 

>f 

24 

2*      ,, 

2A 

8i        1,          8 

6 

>l 

34 

2i        „ 

21 

84        »          8} 

7A 

>« 

2A 

BQUARB  BOOT. 

inch. 

inch. 

D 

i       by          i 

i    ,.      I 

li 

li 

by 

li 

A 

inch. 

1       by 

i 

i    ,,      i 

li 

» 

li 

1        , 

>i 

i 

1     ..      1 

li 

» 

i 

A     , 

ri 

i 

1       ..        i 

14 

>l 

1 

i      . 

n 

A 

1      ,.       i 

14 

}» 

14 

i      , 

II 

i 

1      ,.      1 

li 

N 

fi 

« 

»» 

A 

H      ..        li 

If 

»> 

li 

i 

ri 

i 

n    ..      i 

li 

ft 

1 

i      , 

» 

A 

u    »      « 

If 

» 

ij 

«     , 

»» 

« 

li    „     1 

2 

» 

i 
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SqUABB  BOOT. 

inch. 

21 

by 

21 

21 

» 

21 

2i 

9* 

21 

2 
2 
2 
2i 


inch, 
by 


ft 


n 


tt 


1 

u 

2 


BDLB  ANOLB. 


inch. 
2         by 


3 
5 
6 

«4 


» 


f» 


»i 


»» 


2 

31 
81 


21 
21 
3 
8 

81 
4 


ineh. 
by 


11 
2 

2 
21 

21 
2 


inch. 


4 

by 

21 

4 

>i 

3 

*4 

»i 

2* 

4i 

>» 

81 

5 

»f 

S 

5 

If 

31 

^i 

»» 

4 

6 

>i 

81 

6 

n 

6 

TABLE  XXVI.— Z  Iron  Sections. 

TOP. 
BOTTOM. 


Top. 

Depth. 

Bottom. 

Tbick. 

Top. 

Depth. 

Bottom. 

Thick. 

inch. 
81 

inch. 
64 

inch. 
31 

inch. 
1 

inch. 
21 

inch. 
8 

inch. 
21 

inch. 

A 

2i 

6 

2f 

1 

2 

2e 

2 

A 

21 

H 

21 

1 

2 

21 

a 

AtoA 

21 

4 

21 

1 

i 

li 

A 

1 

2 

4 

2 

A 

i 

11 

1 

A 

n 

3} 

21 

A 

1 

H 

1 

1 

8 

8 

21 

A 

1 
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TABLE  XXVn. — 'Y  Ibok  Sections  of  various  thicknesses^ 

IN  PBOPOBTION  TO  TBS  SIZE. 
TABLE. 


T 


Tklde. 

Lefr 

Tabto. 

Leg. 

Table. 

Le)?. 

Table, 

Leg. 

inch. 

inch. 

inch. 

indi. 

inch. 

inch. 

incli. 

inch. 

10 

by 

10 

e 

by      84 

64 

by 

6 

44 

by 

44 

8 

» 

4| 

6 

»       6 

6i 

99 

8f 

44 

4 

8 

19 

4 

6 

..       *1 

64 

34 

44 

Si 

74 

»» 

4 

6 

»       44 

64 

2§ 

44 

Si 

1* 

7 

6 

,,       * 

64 

}> 

84 

44 

84 

i> 

6 

6 

>.      34 

64 

S 

44 

31 

1* 

6t 

6 

,.       8i 

5 

8 

4J 

3 

99 

6i 

S 

..       8i 

6 

6 

44 

2i 

»f 

5 

6 

»       3 

S 

6 

44 

24 

ft 

H 

« 

..       24 

6 

i 

44 

21 

it 

H 

61 

..       31 

S 

3f 

44 

2 

6i 

tt 

5 

6i 

»       6 

S 

84 

44 

li 

6i 

n 

4 

61 

»       i 

6 

3 

4A 

81 

6i 

99 

8i 

6i 

..      344 

5 

2i 

4| 

14 

6i 

)> 

44 

6i 

..      H 

5 

24 

44 

44 

6i 

M 

S| 

6i 

..       3i 

6 

24 

44 

4 

«i 

»t 

3 

64 

„       4| 

4| 

44 

41 

Si 

6| 

>f 

21 

64 

,.      ii 

4i 

Si 

41 

34 

Hi 

»> 

8 

64 

n         41 

4i 

34 

44 

8 

H 

»t 

6 

64 

,.       34 

4i 

3 

41 

91 

21 

«i 

W 

Si 

64 

>.       31 

4i 

^ 

44 

l» 

2 

«i 

« 

99 

H 

64 

»       8 

4i 

n 

41 

»» 

14 

6 

>f 

68 

64 

n         2f 

4i 

34 

44 

II 

4 

6 

»» 

6 

^i 

..       2A 

44 

5 

4 

II 

6 
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TABLE  XXVIL—T  I^^  QExmovB—eonUwued, 


Table. 

i*g- 

Tibte. 

h>a. 

TtUe. 

Leg. 

Tkble. 

Ug. 

inch. 

inch. 

inch. 

inch. 

indu 

inch. 

inch. 

inch. 

by 

6 

8i 

by 

2 

2g 

by 

21 

2 

by 

1 

» 

*i 

S 

>* 

«i 

2i 

W 

4 

If 

f> 

8 

»> 

4 

3 

ff 

6 

2i 

ff 

Si 

1) 

W 

21 

f> 

Si 

8 

f> 

«i 

2i 

ff 

81 

1} 

fl 

11 

» 

s 

8 

» 

6 

2i 

fl 

3 

1} 

ff 

li 

l> 

2A 

8 

>f 

*k 

21 

ff 

21 

1) 

ff 

1 

l> 

2i 

8 

ff 

4 

21 

ff 

21 

If 

ff 

21 

ft 

2A 

8 

ff 

Si 

2i 

ff 

2 

11 

ff 

11 

1* 

2i 

8 

ff 

Si 

2i 

ff 

11 

If 

ff 

11 

fl 

2 

8 

ff 

s 

2i 

ff 

18 

IS 

ff 

18 

n 

11 

8 

ff 

2J 

2i 

ff 

11 

li 

ff 

21 

Si 

ft 

8 

8 

If 

21 

2| 

ff 

1 

11 

ff 

2 

8J 

t$ 

2i 

8 

ff 

2i 

21 

ff 

3 

li 

ff 

li 

Si 

»» 

SJ 

8 

ff 

2 

2i 

ff 

2J 

li 

ff 

18 

S| 

»t 

2 

8 

ff 

1} 

21 

ff 

21 

11 

ff 

11 

SJ 

»» 

1* 

8 

ff 

1| 

21 

ff 

2 

li 

ff 

1 

3| 

i» 

*i 

8 

ff 

U 

21 

ff 

11 

ll 

ff 

11 

S4 

>» 

4 

2i 

ff 

Si 

2 

ff 

4 

11 

ff 

18 

Si 

>i 

Si 

2i 

ff 

2i 

2 

ff 

81 

ll 

ff 

11 

Si 

}* 

Si 

2i 

ff 

4 

2 

ff 

8 

18 

ff 

U 

Si 

>» 

8 

2J 

ff 

Si 

2 

ff 

21 

18 

ff 

1 

Si 

If 

21 

21 

If 

Si 

2 

ff 

21 

11 

ff 

8- 

SJ 

f> 

2 

2| 

ff 

8 

2 

ff 

2A 

11 

ff 

2 

Si 

*» 

li 

2J 

ff 

Si 

2 

ff 

2 

U 

ff 

11 

St 

» 

4 

21 

ff 

2» 

2 

ff 

1| 

U 

ff 

11 

31 

ft 

3i 

2J 

ff 

li 

2 

ff 

li 

11 

ff 

11 

Si 

ft 

11 

2f 

ff 

li 

2 

ff 

11 

11 

ff 

18 

614 


TEE   IRON. 


[app. 


TABLE  XXVII.— T  IBON  SBGnova-H^nHnuexL 


Table.           lAg. 

Kblb         Leg. 

Table. 

Leg. 

Tables            Leg. 

inch.         inch. 

inch.         inch. 

inch. 

inch. 

inch.-        inch. 

IJ     by     1 

1      by     U 

i 

by       J 

i    by    14 

li      u        i 

1       »      11 

i 

»      21 

i    »     1 

U     u     H 

1       ..      1 

i 

»       i 

1     «       i 

14    »    1 

• 

1       .,       i 

i 

»      2* 

5    »      i 

lA   ..      « 

1              »              "ft" 

i 

„      2 

i     »      i 

ItV    ,.        « 

■• 

«■ 


II! 


mm 


Ujgff'-^v^gr-^gr-^r--*"- 
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TABLE  XXVIL^T  I^on  Sscnoits—^oiUinueeL 


Table. 

Leg. 

TftblAr            Leg. 

Table. 

Lej. 

Table. 

Leg- 

inch. 

inch. 

inch.         inch. 

inch. 

inch. 

inch.' 

inch. 

ij 

by     1 

1      by     U 

i 

by     i 

1 

by     H 

li 

u           } 

1         u       li 

i 

„      2g 

i 

»      1 

li 

u     H 

1       »      1 

i 

..    1 

i 

»        1 

ij 

«    1 

• 

1       »       i 

i 

»      2* 

i 

»        < 

1* 

i>           Tf 

1        M        "nr 

i 

„      2 

4 

«      4 

lA 

>i          Te 

181 


igff ^i-iUC-^jr-^gc-ilgr;^; ; 
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▲BT. 

A  truss,       -  ■         -           -           -           -           -           -            -           ■        220,  221 

Alloys,  ooeffidents  of  linear  expansion,       -  -  •  -415 

crushing  strength,   --------  299 

tensile  strength,       -------     362  to  864 

AliiminiTiTn  bronze,              ..-..-.        299,  362 

Angle-iron  pillars,   ---------  332 

ordinary  sixes  of, 487,  645 

tensile  strength,  ------        852,  353 

Angle  of  bracing,  trigonometrical  functions,          -                       -                       -  278 

economy  for  bracing,        .-----        275,  276 

fracture  from  crushing,    ------        298,  802 

Annealing  cast-iron,            ....--'.-  849 

chains,   -           -           -           -           .            -           -            -        857,  409 

copper  wire,      ..-.-.--  862 

glass,      --.---.--  374 

• gun  metal,         --------  863 

steel,      ---------  860 

wrought-iion,     ------  854,  857,  858,  409 

Antimony,  coefficient  of  linear  expansion,  >           -                       -                       -  415 

Apex,          ----.-----  135 

Arch,  braced,          --.--.-.-  218 

cast-iron,       -.---..           219,  459,  473 

flat, 216 

laminated      ---------  527 

stone,             ---.--.-.  459 

triangular,     ---------  218 

wrought-iron,            -.---.--  477 

Arches,  how  affected  by  changes  of  temperature,  -           -           -           -           -  414 

Ashlar  work,  working  load,                        •           •                       •                       -  488 

Axioms,      ...---..--  140 

Ballast,  weight  of 445,  545 

Bay, 186 

Beam,          -.---.-.--  12 

Bearing  surface^      .-.-...-        473,  486 

BeU  metal,  tensile  strength,           -.-...-  364 
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ABT. 

Belting  leather,  tensQe  itarength  and  woridng  strain,         ....    389 
Bending  moment,    -  -  -  -'-  -  -  -59 

Bent  crane,  ->--......    195 

girders,  ---------    192 

Birmingliam  wire  gage,       -...-...    545 
Bismoth,  coefficient  of  linear  expansion,     •  -  -  -  -    415 

Board  of  Trade  reg^ulations  respecting  railway  bridges,     -  -  446,  47S,  492 

Boilers,  strength  of,  ...-.-..    288 

working  load  on,    -----.  -  -    479 

Boiler-maker's  rules  for  riveting,    -...-..    467 
Bolts  and  pins,  strength  and  adhesion  in  timber,   -  -  .  460,  461,  468 

Bone,  ---------  8,  389 

Bow  and  invert,  or  donble-bow  girder,       ------    212 

Bowstring  girder,    ------       207,  272,  443,  450,  457 

-atSaltash,  -------    212 

on  the  Caledonian  railway,        -----    541 

quantity  of  material  in,  -  -  -  -  -  -    272 

Box  girder,  ----------is 

Boyne  viaduct,  description  and  details,      -  .  -  -  .     528  to  536 

Brace, ' 137 

Braced  arch,  --.-...-.    213 

pniars, 841,  535 

semi-arch,    --.--.---    198 

triangle,       ---------    220 

Bracing.  (Sec  "Angle  of  Economy,"  "  ComUerbracing"  "  Cro8$'hracing;*  "^Lai- 

tkty"  «  W«hr) 
Brass,  coefficient  of  elasticity,         -..-.--8 

coefficient  of  linear  expansion,         -  -  -  -  -  -415 

crushing  strength,    --------    299 

tensile  strength,       --.---.-    862 

wire,  tensile  strength ,-------    862 

Brewster,  experiment  on  glass  girder,         -  -  •  -  -    131 

Brick,  coefficient  of  linear  expansion,         --...-    415 

crushing  strength,     --------    30I 

— —  working  load,  --------    488 

Bridges.    (See  '' Appenjdix,"  «  C<M-ir(m;*  "Lattice,"  "Public,**  "RaUway;*  "Sted;* 

"Suspension;'  *" Swing;*  "Timber;*  "Tubular;*  "  WroughUron.**) 
Brittleness,  --------.5 

Bronze.     (See  "  Gun  metal,*") 

aluminium,  -..--.-        299,  362 

Brotherton  plate  tubular  bridge,  description,         -  -  -  -  -    544 

Buckled-plates,        -  -  -  -  -  -  -  -  -447 

Buckling,     -                        --.-..-.    292 
Bulging,      -  -  - 292 
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Cables.     {See  "  Chains,"  "  Cordage:*) 

Camber,  practical  method  of  producing,     ......    456 

pmamental  rather  than  useful,     -  -  -  -  -    453 

Cast-iron,  annealing,  effect  on  strength,      ......    849 

arches,     .......  219,  469,  478 

coefficient  of  elasticity,    -  -  -  -  -  8,  246,  899  to  405 

do.           linear  expansion,    -..---  415 

do.           transverse  rupture,             -            -            -            -            -  66 

do.           torsional  rupture,   ------  283 

cold  and  hot  blast,  relative  strength,       -            ...            -  345 

compound  girders  of  cast  and  wrought-iron,        .            -            -            -  528 

corrosion,             --..--.-  481 

crushing  strength,           .......  294 

deHection,            .......        246,  472 

effect  of  changes  of  temperature,  ....        413^  420 

elastic  flexibility  twice  that  of  wrought-iron,      ....    408 

girdere, 132,  422,  435,  468,  628 

< indirect  pull  reduces  the  tensile  strength,  -  •  -    860 

mixtures  stronger  than  simple  irons,      -  -  -  .  .    846 

pillars, 822  to  829,  471,  474 

: prolonged  fusion,  effect  on  tensile  strength,        ...  -    348 

p^f  strain,         ..-...-        473,  482 

re-melting,  effect  on  tensile  strength,      -----    847 

set,  -  -  -  -  -  -  -  -    899  to  405 

shearing  strength,  ....--.    391 

Stirling's  toughened,       .  -  .  .  -  .        294,  346 

tensile  strength,  -  -  •  -  -  -  345 

working  strain  and  working  load,  .  -  ,  -        473,  474 

relative  strength  of  thin  and  thick  castings,      -  -   l82,  296,  296,  349 


Cellular  flanges,       .........    423 

Cement     {See  **  Keene,  Medina,  Parian,  Portland,  Jtofnan,**) 

Centres  of  strain,    ..--..---68 

Centrifugal  force,  effect  on  deflection,         ......    455 

Chains,        ........         857,  878  to  386 

flat-link,      .........    461 

proof-strain,  -  -  -  -  -  -     880  to  888 

weight,       --.--..  880,  881, 386 

working-strain,       ..-..-..    883 

Chain-riveting,         ......--.     467 

Channel-iron  pillars,  ........    832 

sizes  of,  --------    546 

Charing-oross  Lattice  Bridge,  description,  -----.    542 

Chepstow  Truss  Bridge,  description,  ......    588 

Clay,  working-load,  ........    437 
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Clenches  and  forelocks,  strength  of,  -----  -    468 

Coefficient  of  elasticity,  E,  -.-..--8 

linear  expansion,      -  -  -  -  -  -      .     -    415 

transverae  rupture,  S,  -  -  -  -  -         60  to  66 

■  torsional  ruptxire,  T,  -----  -    288 

safety, 470 

Cold  and  hot-blast  iron,  relative  strength,  ------    846 

Collarbeam, 220 

Columns,  stone,       --------        389,  448 

Compound  girders  of  cast  and  wrought-iron,         -----    528 

of  timber  and  wrought-iron,     -  -  -  -        187,  527 

Compressive  strain,  subdivisions  of,  -----    292 

. ■ symbol  of,  -f,  -  -  -  -  -  -    139 

Concrete,  crushing  strength,  -------    304 

working  load,      --------    488 

Connexions.    (See  "  Joints:*) 460  to  469 

Continuous  girders, 247  to  260,  427,  499 

— ambiguity  respecting  strains  in  webs,  -  -  .     256 

{not  desirable  for  small  spans  with  passing  loads,  or  where 
foundations  are  insecure,  -  ...  -    258 

— of  two  equal  spans,  each  loaded  uniformly,    -  -  -    251 

of  three  symmetrical  spans,  loaded  symmetrically,    -  -    253 

Contrary  flexure.     (See  "  Inflexion:") 

Conway  Plate  Tubular  Bridge,  description,  -----    548 

Copper,  coefficient  of  linear  expansion,       -.--..    415 

crushing  strength,  ------ 

shearing  strength,  ------ 

tensile  strength,      ------ 

weight  and  specific  gravity,  .  -  -  - 

wire.     --.--.- 


-  299 

-  896 

-  362 

-  362 

-  362 

Copper-bolts,  adhesion  of  in  timber,  -  •  -  -  -  -    468 

Cordage,  tensile  strength,   -  -  -  •  -  375  to  377,  881,  386  to  388 

weight,     ------      375,  876,  381,  385  to  387 

working  strain,     -  -  -  -  -         377, 386  to  888 

Corrosion  of  metals,  --------    431 

Cotters,        -  .  -  ...--.    460 

Counterbraced  brace,  --------    137 

girder,  --------    188 

Counterbracing,       -  -  -      174, 175,  186,  187, 208, 448  to  450, 517 

Covers,  allowance  for  in  estimating  girder-work,    -  -  -  -  -     497 

strength  and  proportions  of,  -  -  -  •  -     468  to  465 

Crane,  bent,  .-..-----    195 

' derrick,        ----.-.--    193 

lattice  -  - 197 
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Crane,  tnTeUing,  or  gantzy, 

tubalar,     - 

wharf, 

working-Btrains,    - 


Crescent  girder,    • 

Croes-bradng, 

CroflS'girders, 

Cmcif  orm-iron  pillan, 

Crumlin  Viaduct,  description, 

Crushing  strength  of  materials^ 

Cnishing,  subdiyisions  of. 

Cubic  elasticity, 

Curve  of  equilibrium, 

Cylinders  and  spheres,  strength  of, 


Defleotion,  ... 

effect  of  centrifugal  force  on, 

experiments  on  defleotion^ 

method  of  measuring  defleotion  of  girders, 

not  affected  by  nature  of  web, 

of  small  bridges  increased  by  loads  in  rapid  motion, 

of  continuous  girders,  .  -  - 

of  girders  of  unif oim  section,  -  -  - 

do.      of  uniform  strength, 

of  lattice  and  plate  girders  nearly  alike, 

of  similar  girders,        -  -  .  - 

Depth  of  girders  and  arches,         .... 
for  calculation,       -  -  -  -  '         - 


ART. 

-  187 

-  195 

-  194 
478  to  484 

-  208 
440  to  448 
444  to  447 

.    832 

-  589 
291  to  805 

-  292 

8 
49 

-  288 


228  to  246,  484,  451  to  456 

.    455 

454,  471,  472,  475,  584,  586 

-    456 


weights  of  girders  do  not  vary  inversely  as  their  depths. 


Derrick  Crane,      -  .  -  -  - 
Detnudon,            ..... 
Diagonals.    (See  ** Bracing,"  "  Web") 
law  of  strains  in  intersecting  diagonals, 


Diagram,  calculation  by,  • 
Drilling  tools. 

Drilling  preferable  to  punching, 
Ductility,  .  -  . 


E,  coefficient  of  elasticity,  -  «     •      - 

Earth,  working  pressure  on,  -  -  - 

Economy,  angle  of,  -  -  -  -  • 

relative  economy  of  different  kinds  of  bracing. 

Elastic  flexibility  and  elastic  stiffness, 

Elasticity  and  set,  .  •  .  .  . 


228,  484 
454,  489 
251,  258,  584 
.  225 
228,  224,  451 
228,  484 
•  224 
18,  274,  457  to  459 
.   55 
505,  511,  516 
-  198 


890 


•  .168 

-  192 

-  425 

-  860 
5,  856,  857 


8 

-  487 

-  275 
.  279 

4 
8  to  8,  898  to  413 
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Slasticityy  cubicy    ----•--•-3 

coeffidentB  of,  E,  -  -  -  -  -  8,  899  to  418 

law  of  elaeticitj  (Hooke*s  law),  -  -  -  -  7,  398 

limit  of,  -  -  -  -  -  -  7,  898  to  413 

linear,  .--_----3 

modulus  of,      •  -  ■  -  -  -  -  -8 

sluggish  or  viscid,         ------        404,  410 

tensile,  compressive  and  transverse  elasticity  often  different,    •     8,  246,  403 

Ellipse,  moment  of  resistance  of,  -  -  -  -  -  -  76,  77 

Elliptic  semi-girders,         -  -  -  -  -  -  •  93,  94 

Engine-work,  working  strain,        ..-..-.     480 
Engines,  weight  of,  ....  .  .         489,  490 

Equality  of  moments,        -----.  --11 

Equilibrium,  curve  of,       .  -  -  -  -  •  -  -      49 

Estimation  of  girder-work,  -...-.     495  to  522 

Expansion  from  heat,  coefficients  of  linear,  .....    415 

effect  on  girders,  arches  and  suspension  bridges,     -  -     414 

rollers, 840,  414,  429 

F,  symbol  which  represents  the  total  strain,         ....  -        2 

/,  symbol  which  represents  the  unit-strain  of  tension  or  compression,       -  -        2 

/',  symbol  which  represents  the  imit-strain  of  compression,  -  -  -        2 

Factor  or  coefficient  of  safety,      .......     470 

Fatigue  of  materials,         .......        470,  519 

Fish-beUied  girders,  or  inverted  bowstring,  •  -  -  •  -    212 

Flanges,    -  -  -17,  100,  152,  422  to  429,  439,  443,  477,  496,  497,  520 

Flexibility,  .........         4 

Flexure,    -  -  -  -  '         -  .  .  -  .  -    292 

Foot-strain,  ...-.-..-2 

Forelocks,  strength  of,      --->..>.     468 
Forgings,  tensile  strength  of,        -  -  -  .  •  352,  354,  357 

Foundations,  working  load  on,      -  -  -  -  .  .  .     487 

Fractured  area,    ..---.-..     352 
French  rules  for  working  strain,  .....  473,  476,  479 

proof  load  and  working  load  of  bridges,  -  -         492,  49S 

• proof  strain  for  chains  and  ropes,  ...         376,  382 

Friction  due  to  riveting,  ........    455 

Gages  for  wire  and  sheet  metals, .......  545 

Gantiy  or  travelling  crane,           .......  137 

Gasholder  roof,     ---..-.-.  222 

Girder,      ---.......  12 

arched,      ....---                        .  213 

bowstring.    {See  " Bowstring") 
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Girder,  box,  ---------18 

cast-iron.    {See  **  Ccttt-tron,^*) 

compound  cast  and  wronght-iron,  .  -  -  -  -    628 

compound  timber  and  iron,  -----        187,  627 

continuous,  ,-.-.--        247,  427 

crescent,   ---.-----    208 

cross,        --------      444  to  447 

curved,     ---------    192 

deflection,  ----...         228,  451 

— - —  depth,       -  -  -  -  -  -  -  -  '-    457 

double-bow,  ---.--.-    212 

double-webbed,  or  tubular,  -  -  -  -  -  -18 

eUiptic, 98,  94 

estimation  of,        ------  -      495  to  522 

fishbeUied, 212 

imbedded  at  both  ends  and  loaded  unifonnly,      -         .  -  -  •    259 

do.  and  loaded  at  the  centre,  •  •  -  -    260 

lattice.     {See  "  LaMice  girder^) 

limit  of  length,     -            -      »     -            -            -            -            -          67,  524 

of  uniform  strength,         -------  19 

plate.    (See  "  Plate  girders,") 

proving.     {See  "  Proof  load.**) 

quantity  of  material     {See  "  Quantity,**) 

rail  girder,  or  keelson,       -------  445 

rectangular  girder  of  maximum  strong^  cut  out  of  a  cylinder,    -  -87 

road  girder,           --------  444 

similar  girders.    {See  "  Similar  girders") 

- —  —  single-webbed,      --------18 

temperature,  effect  on  girders,      -            -            -            -            414,  418,  419 

timber.     {See  "  Timber.**) 

triangular,             ------             201,  218,  220 

trough,      ---------  445 

trussed,     ------.---  187 

tubukr.    {See  " Plat^*  girder.**) IS 

Warren's,              .-.-.-..  188 

weight  of  girders  under  200  feet  in  length,           -            -            -            -  521 

with  parallel  flanges  and  isosceles  bracing,           .            -            .            -  188 

do.            do        and  vertical  and  diagonal  bracing,   -            -            -  184 

working  loads  on.    {See  " Public  bridges,**  "Railway  bridges,"  ''Jtoofs.**) 

wrought-iron.     (See  "  WrouglU4ron.**) 

loaded  at  an  intermediate  point,  •            -            -            -      80,  114,  156,  185 

loaded  at  the  centre,         -            -            -            -            -            -    88,  54,  234 

loaded  uniformly,              .            -            -              48,  124,  160,  177,  188,  240 

do.             and  traversed  by  a  train  of  nniform  density,    -            -  52 
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Girder,  loaded  tmsymmetrically,  -  -  -  -  -  -  41,  165 

trayerBed  by  a  concentrated  rolling  load,      82,  87  to  40,  54,  128, 158, 186,  491 

traveiBed  by  a  train  of  nnifonn  density,  -  •  50,  169,  189,  190,  489,  490 

Grirder-work,  estimation  of  -----  -      494  to  522 

Glass,  ooefBcient  of  linear  expansion,       ......    415 

crashing  strength,    --.-----    S05 

elasticity  o^  .---.--.    413 

girder,  Brewster's  expeziments  on,  -  -  •  -  -  -    131 

tensile  strength,      --------    874 

weight  and  specific  gravity,  -----         805,  545 

Glue,  tensile  strength  and  adhesion  to  timber,      -         '  -  -  -  -    389 

Gold,  coefficient  of  linear  expansion,        -  -  -  -  -  -    415 

weight  and  specific  gravity,  ------     545 

Government  inspection  of  railway  bridges.     {See  "  Board  of  Trade**) 

Gravel,  working  load  on,-  -  -  -  -  -  -  -     487 

Gun  metal  or  bronze,  annealing,  effect  on  strength,  ....     363 

— —  coefficient  of  elasticity,       -  -  .  -  -         8 

high  temperature  at  casting  injurious  to  strength,  •  -    863 

tensile  strength,      -----        862,  368 

Gutta-percha,  tensile  strength  and  working-strain,  ....    339 

Heat.    {See  "  Temperature,") 

Homogeneous  metal,  tensile  strength,       -  -  •  -  -        '    -    859 

Hooke's  law  of  elasticity,  -  -  -  -  -  7,  898 

Horizontal  bracing,  --..-.-.    440 

Hot  and  oold-blast  cast-iron,  relative  strength,     .....    346 

Impact,  effect  of  long  oontinued  impact  on  cast-iron  bars,  ...    472 

Inch-strain,  .-----.--2 

Inertia,  moment  of,  •-----•  69,  225 

Inflexion,  points  of,  --------    247 

economical  position  of,  -  -  -  -  •    250 

experimental  method  of  finding,        ....    249 

— not  affected  by  depth  of  girders,       -  -  -  .     249 

practical  method  of  fixing,   .  -  -  -         250,  534 

Initial  strains  in  bracing,  method  of  producing,   .  .  -  .  .     442 

Internal  bracing,  -.--..---    841 
Inverted  bowstring,  ---.-...    212 

Iron.    (See  "  Angle-iron,"  «  Catt-iron,**  «*  Plates,*'  "  Tee-iron,'  «  IFroi^At-tron.") 
Isosceles  bracing,  --•.-----    188 

Joints, 489,  460  to  469 

bolts  and  pins,       ......  460,  461,  468 

cast-zinc,  -  --  -  •  -  -  -  -    464 
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Jointfl,  clenches  and  forelocka, 

jump, 

.  lap, 

in  piles  of  plates,  - 

nails  and  bolts, 

riveted.    (See  «  Rivets,*') 

screws, 

— ' treenails,   - 


-  468 
462,  464 

462  to  465 
423,  424,  464 
468,  469 

854,  460,  469 

-  897 


Keelsons,  or  rail  girders,  -  -  .  - 

Keene's  cement,  tensile  strength,  ... 
£nif  e  edges,  working  load  on,       • 

Laminated  beams,  .... 

Lancashire  gage  for  steel  wire, 
Lattice  bridges,  description  of.     {See  Appendix,) 
Lattice  crane,        -  -  •       *     • 

Lattice  girders,  ambiguity  respecting  strains, 

curved  or  oblique, 

—  deflection,  ... 

effect  of  temperature, 

effect  of  concentrated  load, 

' end  pillars  subject  to  transverse  strain, 

estimation  of  quantities,  • 

loaded  uniformly, 

timber,     -  .  -  - 

traversed  by  a  passing  train, 

traversed  by  a  single  load, 

weight  of. 

Lattice  pillars,      ... 

semi-arch, 

semi-girder. 

Lead,  coefficient  of  elasticity, 

coefficient  of  linear  expansion, 

crushing  strength,    - 

elasticity,    -  -  - 

tensile  strength, 

weight  and  specific  gravity. 

Leather,  tensile  strength,  - 
Length  for  calculation, 

limit  of,      - 

Lever,  law  of  the. 

Lime.     [See  "  Concrete,"  "  Mortar.*') 

Limestone.    {See  "  Stone,'*) 


-  445 

-  371 

-  478 

-  527 
.  545 

-  197 
181, 191,  215 

.  192 
223,  224 
418,  419 
445,  491 
180,  191,  448 
495  to  522 

-  177 

-  527 
179,  190 

-  159 

-  521 

-  341 

-  201 
154,  197,  201 

8 

-  415 

-  299 
•  398 

-  362 

-  545 

-  389 

-  55 
67,  524 

-  10 
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Liinit  of  elasticity,  ... 

length  of  girders, 

Linear  expansion  from  heat,  coefficients  of, 
Liverpool  and  Lloyd's  rules  for  ship  riveting, 
Locomotive.    (See  "  Engine.'*) 


Mf  moment  of  resistance  to  rupture, 
Machinery,  working  strain, 
Masonry,  crushing  strength, 

working  strain, 

Mechanical  laws, 

Medina  cement,  tensile  strength,  - 

Modulus  of  elasticity, 

' of  rupture,     - 

Moment  of  inertia, 

of  resistance  to  rupture,  M, 

of  rupture, 

of  resistance  to  torsion,    - 

Moments,  equality  of, 

strains  calculated  by,    - 

Mortar,  adhesion  of, 

crushing  strength, 

tensile  strength,  - 

weight  and  specific  gravity, 

working  load. 


Nails,  bolts  and  screws,  adhesion  of, 

Neutral  axis, 

passes  through  centre  of  gravity  of  section 

practical  method  of  finding, 

shifting  of, 

Neutral  line,         .  .  .  - 

Neutral  surface,    -  .  -  - 

Newark  Dyke  Bridge,  description. 

Obelisk  Bridge  over  the  Boyne,  description, 
Oblique  or  curved  girders, 

Palladium,  coefficient  of  linear  expansion, 

Parian  cement,  tensile  strength,    - 

People,  crowd  of,  the  greatest  distributed  load  on  a  public  bridge, 

Piles  of  plates, 

Piles,  working  load  on  timber, 

Pillan, 


»  • 


ART. 

7,  398  to  413 

67 

,  524 

•     . 

415 

- 

467 

-  59,  69  to  82 

480 

303 

488 

9 

# 

371 

8 

60 

69, 

225 

59,  69 

•         • 

59 

• 

284 

- 

11 

164, 

,196 

- 

372 

- 

304 

868,  869, 

370 

•         • 

545 

m                                 m 

487 

468, 

469 

- 

58 

68, 

131 

- 

68 

- 

131 

• 

58 

• 

57 

- 

537 

• 

540 

. 

192 

* 

415 

• 

371 

- 

493 

423,  424, 

464 

- 

486 

. 

306 

INDEX. 
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Pillars,  angle-iron,  ..... 

-  braced,      .--.-- 

cast-iron,  ------ 

channel  iron,         ...  -  - 

cross  shaped,  +,   -  •  -  -      •      - 

— ' —  discs  add  little  to  the  strength  of  flat-ended  pillars, 


▲&T. 

-  832 
841  to  848,  585 

822  to  829,  471,  474 

-  832 

-  825 
.    816 


Pins, 


effect  of  long-continued  pressure  on  the  strength  of  pillars, 
end  pillars  of  girders,        -  -  -  .  . 

effect  of  enlarged  diameter  in  the  middle  or  at  one  end,  - 
H-shaped,  •..--- 

Hodgkinflon*s  laws,  .  -  -  .  . 

Gordon's  rules,     ------ 

lattice.    {See  "  Braced;'  above.) 

long  flexible  pillars  which  faU  by  flexure,  -  -  806,  810,  811 

medium,  or  short  flexible  pillars,  which  fail  partly  by  flexure^  partly  by 


-  471 
180,  191,  448 

-  817 

-  825 
-    811  to  826 

.    827 


crushing,  --••--- 

short  pillars  which  fail  by  crushing,  .  -  .  - 

similar  long  pillars,  strength  of,    - 

steel,  .----.-- 
stone,  .-.---.- 
strain  passing  outside  axis  of  pillar  reduces  its  strength  greatly,  - 
strength  of  yery  long  pillars  depends  on  their  coefficient  of  elasticity, 
tee-iron,    -  .  -  . 

theory  of  yery  long  pillars, 
three  classes  of  pillars, 
timber,      -  -  -  - 

triangular, 

tubular,     .  .  -  - 

w^ht  which  will  deflect  a  yery  long  pillar  is 

weighty  .  .  -  - 

wrought-iron,         ... 


810,  823 
298,  810 
808,  821 
886,  488 
889,  488 
820 


Plaster  of  Paiis^  adhesion  to  brick  and  stone, 

r  tensile  strength,  • 

weight  of  cast  plaster,    - 


Plates,  boiler,        .... 

friction  of  riyeted  plates, 

ordinary  sizes  of, 

piled,         -  -  -  - 

resistance  to  flexure, 

ship,  ...  - 

strength.    {See  "  WroughUr<m:*) 

temperature^  effect  on  strength,    -  -  - 

ten  per  cent  stronger  lengthways  than  crossways. 


807 
882 
806 
810 
887,  888,  484  to  486 

-  826 
884,  885,  423 

yeiy  near  the  breaking 

-  809 
880  to  885,  477,  535 

489,  460  to  469 
872 
368 
545 
866 
466 
487 


48 

423,  424,  464 
833,  423 
356,  360 


2  S 


421 
855 
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Fl&te  girders,  calculation  of  etrains.    {See  '<  Web,")         •  54,  100,  480  to  435 

deflection  same  as  that  of  lattice  girders  of  equal  length,  -        223,  434 

effects  of  temperature,        --.---    419 

examples.    {See  ** Appendix") 

weights  of,  - .  •  •  -  -  -  -    621 

Platform  of  bridges,  •  -  -  -  -  -        426,  444  to  447 

PlatLna^  coefficient  of  linear  expansion,     ....-•    415 

weight  and  specific  gravity,  .-.---    545 

Points  of  inflexion  or  contrary  flexure.    {See  "Ivfiexion,^) 

Portiand  cement,  crushing  strength,         .....        30I,  304 

tensile  strength,  .-.-..    869 

{See  "  Concrete,"  "  Mortar.") 

Proof  strain  and  proof  load,         -  -  -        409,  438,  470,  482,  488,  492,  493 

{See  ** Chains;*  «  OasUiron,**  "  Wrougkt4ron,") 

Public  bridges,  working  load,        .......    493 

weight  of  roadway,  .....        447,  540 

Punching  experiments,      .......        392,  896 

injurioos  effect  on  plates,  ....  -        462,  476 

tools, 425 

Quantity  of  material  in  bowstring  girders,  ....        272,  450 

in  girders  with  horizontal  flanges   -  -  -     18,  54,  261 

in  different  kinds  of  bracing  compared,      ...    279 

theoretic  and  empirical,       ....     495  to  522 


Bail  girders,  or  keelsons,  ... 
BaUway  bridges,  estimation  o^     - 

proof  load, 

roadway, 

rules  of  Board  of  Trade^ 

rules  of  French  Groyemment, 


.    445 

-      495  to  522 

.    492 

444,445 

-     446,  473,  476,  492 
473,  476,  492 

under  40  feet  in  length  require  extra  strength,  -  454,  490,  491 

weight  of  bridges  under  200  feet  span,  -  -        '  •        520,  521 

^       .,        ,       w     1    J  r  444  to  446, 473  to  478, 

working  stram  and  working  load,  -       |     481,  489  to  492 

Beaistance  to  rupture,  moment  of,  M,       -  •  -  -  .   59,  69  to  82 

to  torsion,  moment  of,  -  -  -  -  -  -    284 

Besolution  of  forces,         .......  9, 539 

Biveting,  chain,    --...-...    467 

Bivets, 394,  895,  424,  439,  460  to  467 

boiler^makers'  rules,  .-....-    467 

friction  due  to  contraction,  ......    466 

girder-makers'  rules,         .....  462  to  467,  476 
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BiTets,  long  riveto  not  objectionable^        ......    424 

preferable  to  pint  for  girder-work,  ....  -    439 

Bhiprbuilden'  mlea,  -...---    467 

steel, 395,462,483 

working  strain,      --.----•    462 

Rivet-holes,  allowance  for  weakening  effect  of,.    •  -  •  462,  476,  495 

drilled  in  first-dass  work,      ....  425,  462,  467 

Roadway, -  426,  444  to  447 

Rollers  and  spheres,  crushing  strength,    .•••.>    340 

expansion,  under  ends  of  girders,  •  •  -  840,  414,  429 

Roman  cement,  tensile  strength,   .....••    370 

coefficient  of  linear  expansion,     -----    415 

Roof  A, 220 

cost  of,         ....---.-    494 

arched, 208 

working  load  on,       ---..---    494 

Roofing  materials,  weight  of,        -••---  -    494 

Rope.    (See  "  Cordage"  and  "  Wire.") 

Rnbble  masonry,  crashing  strength,  ...--.    308 

•^—  working  load,     -------    488 

Rapture,  coefficient  or  modolos  of  8,        -  -  •  -  -         60  to  66 
moment  of,  M,    •           -           -           -           •           -           •  -      59 

■ 

8,  coefficient  or  modolos  of  transverse  rapture,  -  -  -  -         60  to  66 

Safety,  coefficient  or  factor  of ,-----•  -    470 

Screws,  strength  of  -  -  -  -  •  •  854, 460,  469 

adhesion  in  wood,  ..--...    469 

Semi-arch,  braced,  ..-....•    198 

inverted,  .-.-.--.    202 

lattice, 201 

Semi-girder,  -  -  -  -  -  -  -.-  -12 

loaded  at  the  extremity,        -        .   •  -  -         16,  88,  145,  226 

loaded  uniformly,      -----        22, 105,  148,  282 

loaded  oniformly  and  at  the  extremity  also^  -      27 

triangular,     --------    201 

Set, 6, 298  to  418 

Set,  relaxation  of,  .......        404,410 

—  ultimate  set  after  fracture,     .......    352 

—  vitreous  materials  take  no  set,  •  -  •    418 
Shearing  experiments,       .......     891  to  897 

in  detail, 390 

simultaneous,     -----.--    890 

rtr^ingirder.,  -  .  f  H  16. 18.  28.  84,  37.  48,  46.  60  to 

"^  ^  I     62,  64,  147,  480,  481,  478 
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Shearing  strength.    {See  "  Cort-tron,"  "  Coppet,*'  "  Bivett;'  "  Sted,"  *'  Timber, 

"  TreenaUt,"  "  TTroti^W-tron.") 
Ship'builden'  rules  for  riyetingy    • 
Ship  plates.    (See  *' PlaUt.*') 
Ships,  strains  in,  ... 

Silver,  coefficient  of  linear  expansion. 
Similar  girders,  deflection  of         - 

limit  of  length,     - 

strength  of, 

weight  of. 


Snow,  weight  of, 

Solder,  tensile  strength,    • 

coefficient  of  linear  expansion, 

Specific  gravity,  alloys, 

bricks, 

cast-iron, 

glass, 

stone, 

tables  and  weights  of  various  materials, 

timber,    - 

wrought-iron, 

(See  "  WeigJur) 

Speculum  metal,  tensile  strength  and  specific  gravity, 

coefficient  of  linear  expansion,  - 

Spheres,  strength  of  hollow. 

Spheres  and  rollers,  crushing  strength. 

Splintering,  ... 

Steel,  annealing  improves  and  equalizes  strength  of  steel 

coefficient  and  limit  of  elasticity, 

coefficient  of  linear  expansion, 

coefficient  of  transverse  rupture, 

coefficient  of  torsional  rupture, 

corrosion  of,  • 

crushing  strength,    • 

girders, 

pillars, 

provmg, 

punching  reduces  strength, 

rivets, 

shearing  strength,    • 

ship  plates,  • 

tensile  strength, 

ultimate  set  after  fracture, 

wire,  • 


345,  347, 


plates, 


67 


8 


467 


-  526 

-  415 

-  224 
67,  524 

-  67 
274,  522,  524 


445,  494 
.    362 

-  415 
862,  864,  545 

301,  545 

348,  349,  545 

305,545 

801,  545 

-  545 
65,  545 

854,545 

-  '364 

.    415 
.    290 

•  340 

•  292 

-  360 
298,  359,  411 

-  415 

-  65 

•  283 

-  431 
298,  483 
483,  502 

336,  483,  502 
482,483 

-  360 
354,  395,  483 

354,  395 

360,  488 

854,  359,  483 

-  359 

-  361 
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Steel  wire  rope,    -  .  -  - 

working  strain,        •  -  - 

StifiGiess,  elastic,  -  -  •  - 

Stone  archefl,         .... 

coefficients  of  elasticity, 

coefficients  of  linear  expansion, 

coefficients  of  rupture, 

columns,      -  ,  .  - 

crushing  strength, 

elasticity  of  stone  not  always  apparently 

law,        -  -  -  . 

■  tensile  strength,     •  -  . 

working  load, 

Strain,  centres  of,  ... 

classification  of,     - 

crushing,  ... 

inch-strain,  ... 

foot-strain,  ... 

shearing.    {See  "  Shearing,") 

tensile,      -  -  -  - 

torsional,  -  -  -  - 

unit,  -  -  -  - 

Strut    {See  **  PUlar.") 
Suspension  chains,  proof  strain,     - 

proportions  of  eye  and  pin, 

working  strain, 


Suspension  bridges, 


rigid, 

temperature,  effect  of, 
working  load, 
truss, 


Swivel  or  swing  bridgei,     - 

Symbols  +  and  — 9  '  -  ' 

T,  coefficient  or  modulus  of  torsional  rupture^ 

Tee-iron  pUlars,     -  -  -  •    - 

Temperature,  coefficients  of  linear  expansion  of  various  materials, 

effect  on  cast-iron,   - 

effect  on  girders  and  bridges^ 

effect  otx  wrought-iron, 

effect  on  stone  bridges, 

effect  on  suspension  bridges, 

effect  on  timber, 

Tendersi  weight  o^  -  -  - 


in  accordance 


with 


49,  217, 


▲BT. 

886, 

887 

• 

483 

■ 

4 

459, 

488 

8, 

418 

415, 

417 

• 

65 

839,  448 

- 

301 

Hooke's 

418 

867 

488 

58 

1 

291 

2 

2 

K, 

890 

844 

280 

2 

476, 

481, 

482 

m 

461 

476, 

481 

414,  481, 

508 

- 

217 

* 

414 

481, 

498 

• 

222 

• 

198 

• 

189 

281, 

288 

• 

882 

- 

415 

418, 

420 

414, 

418, 

419 

- 

421 

414,  417 

- 

414 

• 

416 

• 

489 
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Tensile  starengtih  of  materialB,        -  -  •  -  -  .  -  -    844 

Timber,  adhesion  of  bolts  and  screws  in  timber,  -  468,  469 

adhesion  of  glue  to,         .-,..,.    394 

coefficients  and  limit  of  elasticity,  •  -  •  -  8,  412 

coefficients  of  linear  expansiony   -  -  -  -        415,  416 

do.        of  transverse  mptore,  -  -  -  -  -      65 

da        of  torsional  rupture,  -  _  .  -  >    288 

-. crashing  strength  at  right  angles  to  the  fibre,     ....    486 

crashing  strength  lengthways,     ......    800 

girders, 484,  485,  527 

lateral  adhesion  of  the  fibres,      -.----    866 

piles, 486 

pillars, 837,  838,  484  to  486 

shearing  strength,  .......    397 

shoold  be  used  in  large  scantlings,  -  -  •  -  •    5  27 

tensile  strength,  ...._..    865 

wet  timber  not  nearly  so  strong  as  diy  to  withstand  crushing^   -  -    800 

working  strain,    ----..-    484  to  486 

Tin,  coefficient  of  elasticity,  --.....g 

coefficient  of  linear  expansion^  ......    415 

crashing  strength,     .----...    299 

tensile  strength,        ----.-.        862,  864 

Torsion,    --..--...  l,  280 

Torsional  rupture,  coefficient  or  modulus  of  T,     -  -  -        281,  288 

Toughness,  ..-.-.-.>5 

Trade,  Board  of  Trade  regulations  respecting  railways,    -  -    446,  473,  476,  492 

Travelling  crane,  or  gantry,  .......    187 

Treenails,  strength  of,      --------     397 

Triangular  arch,    --.-.-...     218 

girder,  .-...-._    220 

semi-girder,      -..-.-.-    201 

Trigonometrical  functions  of  0,  the  angle  of  economy,      ....    278 
Trough  girders,     .--.--..-    445 

section  of  flange,  ---.---.    439 

Trussed  girders,    -.------        187,  523 

Tubular  bridges  and  tubular  girders,  -  •  -  -      13 
examples  of.    {See  "  Appendix,*^ 

effect  of  changes  of  temperature  on,       -  -  -        418,  419 

effect  of  wind,     ------         442,  443 

Tubular  pillars,    -----...        884,  835 
Twisting  moment,  ........    280 

Uniform  strength,  ........      19 

Unit^train,  -  -•  -  -  -  -2 
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Uxkit-straixi,  eoonomj  from  high  U2iit-8train8  in  large  girders, 
Upsetting  of  iron  nnder  preBsnre, 

Vertical  and  diagonal  bracing,     .... 


Warren's  girder, 


economy,  relative, 
example.    {See  **  Appendix,") 


Web, 


181,  191 


430  to  439, 
,  206,  215,  256, 


279, 


ambiguity  respecting  strains  in,      - 

angle  of  economy  in  braced  webs,  ... 

braced  generally  more  economical  than  plated  webe, 

quantity  of  material  in,       -  -  -        18»  54,  261  to  274,  495  to 

oontinnons  or  plate,  nature  and  calculation  of  strains,        15,  54,  430,  481, 
do.  minimnm  thickness  in  practice,  ... 

more  economical  in  shallow  than  in  deep  girders,    482, 
more  economical  than  bracing  near  the  ends  of  very 
long  girders,  -  .  .  -  - 

value  of  in  aid  of  flanges. 


do. 
do. 


do. 

Weight  of  ballast, 

ch^JTi'i,  -  -  - 

cordage,  ... 

cross-girders,    -  -  - 

engines  and  tenders,     - 

girders  tmder  200  feet  in  length, 

people, 

permanent  way, 

roadway,  ... 

roofing  materials, 

snow,   .... 

timber,  -  -    '       - 

various  existing  bridges.    {See  "  Appendix,**) 

various  materials, 

wire  rope, 

{See  "Specific gravityr) 

Whalebone,  tensile  strength, 
Whaif  crane,        ... 
Wind,  force  of ,     - 
Wire,  copper,  tensile  strength, 

g««ee, 

iron,  tensile  strength, 

rope,  tensile  strength  and  weight, 

da,  working  load. 

Wood.    {See  *' Timber.") 


ART. 

502,  509,  514 
478,  486 

-    184 


133 
279 

525 
431 
275 
431 
522 
525 
431 
438 

432 
435 
545 
385 
887 
445 
490 
521 
498 
445 
447 
494 
494 
546 

545 

387 


16,  78,  100,  483, 
445, 
380,  381, 
375,  376,  881,  386, 


489, 
274, 


445, 

445, 
65, 


886, 


-  389 

-  194 
440,  441,  494 

.  362 
•  545 

-  858 
886  to  888 

-  388 
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Wood  BcrewB,  adhesion  of, 


«r   1.      _u^.        J        1^      1    4     (835,348,877, 
Working  Btaram  and  working  load,    j      ^^^  ^  ^^^ 

Wrought-iron,  annealing,  effect  on  strength,     -  • 

— —  boiler  plates,  .  -  - 

— —  coefficient  and  limit  of  elasticity,  - 


coefficient  of  linear  expansion, 

— -  coefficient  of  transverse  rupture,   - 

do.       of  torsional  rupture, 

corrosion  of,  -  -  -  - 

crushing  strength, 

deflection,  ...  - 

elastic  flexibiUly  half  that  of  cast-iron, 

elastic  limit,  -  •  -  • 

forgings,  tensile  strength, 

Kirkaldy's  conclusions,     .  -  - 

ordinary  sizes  of, 

-' —  pillars,       ----- 

plates.    {See  "  Plata:*) 

practical  method  of  stiffening  bars, 

proving,      -  •  -     *       - 

punching  exp^iments,        -  -  - 

removing  skin  not  injurious  to  strength,    - 

set  after  fracture,  -  .  . 

shearing  strength,  -  -  - 

ship  plates.    {8m  «  Plates:') 

temperature,  effect  of ,        - 

tensile  strength,      -  -  -  - 

toughness  very  valuable,     -  -  - 

wire,  tensile  strength,  .  -  - 

working  stndn,       -  -  -  - 


ABT. 
-     469 
878,  883,  886,  387,  388,  429,  446, 


357,  858,  407 

366,  479 

8,  297,  406  to  410 

-  415 

-  65 

-  283 
423,  431 

-  297 

-  476 

-  408 
297,  406  to  410 

-  367 
•    854 

437,  545 
-    331  to  835 


Yellow  metal,  tensile  strength. 


-  409 
409,  482 
392,  396 

.  855 

-  362 
892  to  395,  478 

418,  419,  421 

352,  353 

356,  360,  482 

-  868 
476  to  482,  494 

-  362 


Zinc,  coefficient  of  elasticity, 

coefficient  of  linear  expansion, 

crushing  strength, 

joints,  .  -  - 

tensile  strength, 

weight  and  specific  gravity,  - 


8 
415 
299 
464 
862 
645 
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